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The increasing demand for energy coupled with a growing concern that the combustion 
of fossil fuels has on the environment, through the production of greenhouse gases, has created a 
demand for renewable energy sources. The demand for renewable energy, particularly liquid 
transportation fuels, can be met in part by the use of biomass based liquid fuels. There are 
several methods that can be used to produce biomass based fuels, but only thermochemical 
conversion (pyrolysis) can readily convert lignocellulosic biomass into a fuel-like liquid, bio-oil. 
The pyrolytic conditions for obtaining maximum liquid yields vary, but many of the criteria can 
be met with an inductively heated pyrolysis reactor. The goal of this research project was to 
design, build, and test an inductively heated pyrolysis reactor for the purpose of producing liquid 
bio-oil. 
 An initial induction pyrolysis system was design and tested using pine sawdust as a 
model biomass to generate reaction times needed for different operating temperatures. The 
generated time data was then used to test the biomass to observe its behavior under different 
operating conditions. The initial results showed a maximum liquid yield of 36.5 % at 500 °C. 
However, it was observed that bio-oil vapors were escaping from the collection system, and an 
electrostatic precipitator was added to the system.  
 The updated system was tested using: pine sawdust, cellulose, lignin, energy cane 
bagasse, and Chinese tallow tree wood, as biomass feedstock materials. It was discovered that 
the pine sawdust’s liquid yields improved by up to 19 % for the system with a maximum yield of 
55 % at 600 °C. The cellulose component was observed to contribute mainly to the liquid yields 
of the sawdust and the lignin contributed the majority of the bio-char. The energy cane yielded 




energy cane and pine sawdust were the same. The tallow tree wood yielded less liquid than the 
other two biomasses (38.1 %) indicating higher biomass thermal stability. Results indicate that 







1.1. Justification of Research 
 
 Increase in the global demand for energy and the growing concern of global warming has 
created pressure on society to find alternative energy sources. In 1992, the Kyoto Protocol 
determined that humans were having a detrimental effect on the environment, and identified 
carbon emissions as the major contributor to global warming (Boer, 2005). It created specific 
carbon emission reduction targets to reduce emissions in order to minimize their impact. The 
committee determined that developed nations needed to reduce their greenhouse gas emissions, 
and this was to be at least partially accomplished by the development and use of renewable 
energy resources (Boer, 2005). While this was a non-binding treaty to the United States, as it was 
never ratified by Congress, it did generate social pressure to pursue renewable energy options. 
The social pressure, along with concern of long term environmental impacts, has caused the 
government to pass several bills addressing the production of renewable energy. 
 The United States, in 2005, passed the Energy Policy Act. This act mandates that the 
United States produce 15 billion gallons of biofuels, 4 billion gallons of non-corn ethanol 
biofuels,  1  billion  gallons  of  biomass-based  biodiesel,  and  16  billion  gallons  of  cellulosic 
biofuels  produced  from  wood,  grasses,  or  non-edible  plant  matter (Congress, 2005). 
Together with several other new laws, and coupled with the continued increase in the cost of 
traditional fossil fuels, have increased the interests of researchers to find new ways of utilizing 
biomass as a means of creating liquid fuels. 
 There are many methods used today to create liquid fuels from biomass, including 
fermentation to produce ethanol (Chen et al., 2012; Hoover & Abraham, 2009; Parawira & 




2013), and thermo chemical conversion to produce bio-oil (Bridgwater et al., 1999; Goyal et al., 
2008). Each of these methods has its own advantages and disadvantages. Ethanol produced by 
fermentation is easily utilized in many combustion engines, but fermentation has many 
operational limitations when using compounds which are not simple sugars, such as 
lignocellulosic biomass (Parawira & Tekere, 2011). Ethanol fermentation from corn and other 
sources of starch pose significant commercial and economic challenges and are only feasible due 
to continued government subsidies. In addition, several life cycle assessment studies suggest that 
its benefits may be overshadowed by its overall impact on society (Janda et al., 2012; Vallero & 
Braiser, 2008; Yacobucci, 2005). Transesterification produces a readily usable diesel substitute; 
however it is only practical for converting lipid molecules to fuel (Ma & Hanna, 1999). Thermo 
chemical conversion methods are the only methods that can easily handle a complex mixture of 
compounds, but the products vary significantly dependent on a variety of factors and more 
research needs to be performed in order to fully understand the process (Bridgwater et al., 1999; 
McKendry, 2002; Mohan et al., 2006). This need for a better understanding of a potentially 
renewable liquid energy source was the main driving factor behind this research project. 
1.2. Background 
 
Thermochemical conversion of biomass is the use of high temperatures to break down the 
molecular structure of the biomass and convert it to smaller molecules. There are numerous 
methods of thermo chemical conversion that are used for different purposes depending on the 
available feedstock and the desired end product. In general these methods can be classified into: 
1.) Gasification, which uses high temperatures ~ 800 – 1000 °C and low oxygen atmosphere to 




2.) Hydrothermal liquefaction, which couples high pressures and temperatures to produce bio-
oils which can then be purified to produce fuel grade liquids (Tekin & Karagöz, 2013).  
3.) Pyrolysis, which uses moderate temperatures and an oxygen free environment to produce a 
liquid bio-oil product which can then be upgraded to fuel grade liquid (Bridgwater et al., 1999).   
4.) Combustion, which is the burning of the biomass in atmospheric conditions at 800 – 1000 °C. 
This process is used exclusively to convert biomass into heat which can used in a variety of 
processing equipment, stoves, furnaces, boilers, etc. (McKendry, 2002). 
 The purpose of the work presented here is to maximize liquid product yields without the 
use of high pressures, via pyrolysis. Pyrolysis occurs when a biomass is heated to moderate 
temperatures, 300 – 700 °C in an anoxic atmosphere (McKendry, 2002). The biomass is broken 
down into smaller molecular constituents which are then volatized at the high reactor 
temperatures. These vapors are then carried through and away from the reactor using a non-
reactive carrier gas and then condensed. The resulting condensed liquid is a complex mixture of 
organic compounds that can then be purified and upgraded into transportation fuels (Mohan et 
al., 2006). 
 For liquid biofuel production, the goal is to maximize liquid yields while minimizing 
energy consumption. Studies have shown that to achieve high liquid yields the pyrolysis reaction 
needs to occur under certain operating conditions: short heating times, rapid quenching, and 
intermediate temperatures (Akhtar & Saidina Amin, 2012). Thus a successful pyrolysis system 
needs to have high heating rates that allows for rapid heat transfer to the biomass. The vapors 
need to pass quickly from the pyrolysis reactor into the condensation phase of the reactor to 
rapidly cool the products, and finally the reactors temperature needs to be controlled so that the 




 There are three main categories of pyrolysis: flash, fast, and slow pyrolysis. Each of these 
methods differ based on the heating rates of the reaction chamber as well as the retention times 
of the pyrolysis vapors (Goyal et al., 2008). Each of these pyrolysis categories can be performed 
using several heating mechanism including: ablative pyrolysis, fluidized bed reactors, vacuum 
pyrolysis, microwave-assisted pyrolysis, and induction pyrolysis (Bridgwater et al., 1999; Goyal 
et al., 2008; Motasemi & Afzal, 2013; Tsai et al., 2006b). Each of these systems has its own 
advantages and disadvantages which add to or detract from their viability as a potential method 
for fuel production.  
 While the most commonly used method of pyrolysis for high liquid yields is the fluidized 
bed reactor, this system uses a great quantity of carrier gas, typically nitrogen, and also requires 
that a volume of carrier material (typically sand) be heated with the only purpose of increasing 
the heat transfer surface area (Bridgwater et al., 1999). By eliminating the carrier material from 
the process it would allow for a reduced energy consumption and an increase in overall process 
efficiency. 
  Microwave pyrolysis would allow for the biomass to be heated directly, but there are 
limitations that come with using microwave heating. The most common problem is associated 
with the fact that the majority of lignocellulosic biomasses have poor dielectric properties that 
only allow a small fraction of the microwaves energy to be converted into heat (Yin, 2012). The 
low energy conversion means that microwave pyrolysis reactors require the addition of a 
dielectric absorbent to the biomass to ensure the rapid heating needed to achieve high liquid 
yields. This method, while allowing for direct heating of the biomass, requires that an adequate 





 Therefore, the work presented here pursued another electromagnetic based method that 
directly heated the reactor chamber walls via induction. This heating configuration allows for the 
biomass to be heated through surface-to-surface conduction, which allows for rapid and more 
efficient transfer of heat from the reactor to the biomass. Induction heating offers several key 
features which make it promising as a pyrolysis heating source: rapid heating rates, precise 
temperature control, and high energy efficiency (Lucia et al., 2014). Induction heating is a 
contactless heating method with no thermal inertia in which an AC power source is used to 
supply an alternating current to an induction heating coil, which is wrapped around the load 
(system which is to be heated). The application of the AC current creates an alternating magnetic 
field on the load; this alternating field then causes heating by two mechanisms: eddy currents and 
magnetic hysteresis (Lucia et al., 2014). Eddy currents are induced on the surface of the load and 
are the primary source of heat from induction heating, while magnetic hysteresis currents oppose 
the applied magnetic field and creates additional heat in ferromagnetic materials (Lucia et al., 
2014). This mechanism can be used to heat metallic materials up to and well beyond the 
temperatures necessary to carry out a pyrolysis reaction (which occurs at temperatures < 900 °C). 
The use of an induction heating method for the purpose of pyrolysis has not been studied 
extensively. One the first studies reported in a journal article on induction pyrolysis of rice 
husks, was published in 2005. The induction system used was a high frequency system that was 
used to heat a 310-stainless steel horizontal tubular reactor (d= 3.67 cm and l= 60 cm) in 100 °C 
increments from 400 – 800 °C. The study concludes that optimal yields of greater than 40 % 
could be obtained using temperatures greater than 500 °C. From composition analysis they 
concluded that the pyrolytic oil obtained was a complex mixture of aromatic and carbonyl 




were performed on sugarcane bagasse and coconut shells using the same tubular reactor. The 
results from this study showed very similar results in respect to the liquid yields. However, it was 
noted that up to 65% of liquid yield was water, due to the initial water content of the feedstock 
and  the dehydration reaction that occurs during pyrolysis (Tsai et al., 2007b). 
  Further work on the content of the pyrolysis oils, particularly the presence of polycyclic 
aromatic compounds (PAHs) was investigated (Tsai et al., 2007a). The pyrolytic oil, obtained 
from the same methods and feedstock as the previous studies (Tsai et al., 2006a) (Tsai et al., 
2007b), were examined using gas chromatography/mass spectrometry (GC-MS). The 
quantitative analysis of 21 PAHs was performed due to the carcinogenic nature of these 
compounds. The conclusion was that the presence of PAHs, particularly those of low molecular 
weight (naphthalene and acenaphthylene), represented a health hazard that needed to be 
addressed before bio-crude oil could be used directly as fuel oils.  
 The induction pyrolysis of food processing sewage sludge was also reported using the 
same system (Tsai et al., 2006a; Tsai et al., 2007b). These experiments were performed using a 
temperature range of 500–800 °C, heating rate of 200–500 °C/min, and holding time (at the 
specified pyrolysis temperature) of 1–8 min. The high nitrogen content of the feedstock 
increased the potential NOx production during the pyrolysis process, and raised concerns about 
the possible pollution factor. The study resulted in a maximum liquid yield of 35.4 % but with 
high water contents (77 - 90 % by weight), and a lower content of complex organic compounds 
containing mostly carbonyls and aromatic compounds. This resulted in low pH and calorific 
values of the liquid product (Tsai et al., 2009a). An additional study was performed on the GC-
MS analysis of pyrolysis oil from food processing sludge. The study looked at the presence of 21 




by the bio-oil. The conclusion of the study was that the total concentrations of PAHs ranged 
from 298 - 336 mg L
-1
. The presence of lower molecular weight PAHs were relatively high for: 
naphthalene, acenaphthylene, acenaphthene, fluorene and pyrene; the higher molecular weight 
PAHs were relatively high for compounds such as indeno[1,2,3-cd]pyrene and 
dibenz(a,h)anthracene. Another potent carcinogen, dibenz(a,h)anthracene (DBA), was also 
observed in particularly high concentrations in the bio-oil (Tsai et al., 2009b). 
 The most recent paper published on using induction heating for pyrolysis experiments 
was on the pyrolysis of Napier grass, a non-forage and potential energy crop (Lee et al., 2010a). 
Using the induction heating system from previous work (Tsai et al., 2006a; Tsai et al., 2007b), 
the grass was tested using the following parameters: a pyrolysis temperature starting at room 
temperature and heating to around 500 °C, heating rates of 50, 100, 150, and 200 °Cmin
-1
, and a 
holding time of 1 minute. The liquid yields of the Napier grass pyrolysis ranged from 12 - 35 %, 
and had a similar chemical composition as previous experiments with high concentrations of 
hydrophilic and carbonyl structures resulting in low pH values. The study concludes that due to 
the high water concentration and numerous oxygenated compounds present that further 
processing would be necessary before the bio-oil could be used as a fuel source (Lee et al., 
2010b). 
 As shown in this brief overview of literature, a very limited amount of development is 
ongoing with respect of the process of induction pyrolysis and its use as a generator of renewable 
fuels. While there is a great deal of research information on pyrolysis, and induction heating is a 
common industrial method, there is a knowledge gap as to the utilization of an induction 




pyrolysis reactor, and the testing of this reactor to understand it feasibility as a biofuel production 
method.  
This work is structured into six chapters, with each chapter covering different aspects of 
the research. The first chapter contains background information covering the scope of the 
material presented, as well as past studies which were similar to this project. The chapter also 
describes the goals and objectives of this project, and the information that the research was trying 
to discover. The following chapters (2 – 5) are written in a journal manuscript format and cover 
the experiments performed in an effort to understand and improve the pyrolysis system that was 
constructed. Chapter 2 covers the initial studies carried out in the pyrolysis reactor using pine 
sawdust (PSD) as the biomass. The results from these experiments as well as the experience 
gained were then used as a driver to make changes to the process and develop an improved 
experimental setup that was used for the remaining experiments. Chapter 3 covers the pyrolysis 
of PSD and its structural constituents cellulose (CEL) and lignin (LIG) in the updated and 
improved pyrolysis reactor. These experiments were used to determine the effects that the basic 
structural components have on the pyrolysis results and to compare the PSD results from Chapter 
2 and 3 to determine the effects of the system setup changes on the yields. Chapter 4 covers the 
pyrolysis of energy cane bagasse (Saccharum complex). Energy cane (EC) is a high biomass 
yielding crop which has the potential as a renewable energy biomass, therefore its potential as a 
pyrolysis feed stock was studied to determine the yields of oil as well as the oil quality it yielded 
from the pyrolysis process (Kim & Day, 2011; Sierra, 2008). Chapter 5 covers the pyrolysis of 
Chinese tallow tree (Triadica sebifera) as a pyrolysis feed stock. As an invasive species, Chinese 




renewable fuel source, and whose rapid growth and rapid reproduction make it an excellent 
candidate as a dedicated energy crop (Scheld & Cowles, 1981). 
1.3. Goals and Objectives 
The goal of this project was to develop, test, and optimize an induction based system for 
pyrolysis of biomass. 
The specific research objectives were: 
 To design and build an induction heated pyrolysis reactor, and then improve the reactor 
to optimize liquid bio-oil yields. 
 To test the induction pyrolysis reactor using pine sawdust, energy cane bagasse, 
Chinese tallow tree wood, cellulose, and lignin as feedstocks. 
 To analyze the products of the pyrolysis reactions using the analytical methods: gas 
chromatography mass spectroscopy (GC-MS), Karl Fischer titrations, and elemental 
analysis (CHN), to determine the effects of biomass type and reaction temperature on 
the properties of the products. 
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The increasing use of fossil fuels to meet growing global energy demand has generated 
concerns over the environmental impacts that these fuels create. Renewable energy sources are 
receiving a great deal of attention as a possible replacement for fossil fuels (Dhillon & von 
Wuehlisch, 2013). Renewable energy derived from biomass sources, such as agricultural wastes, 
do not add carbon dioxide to the atmosphere as opposed to fossil fuels (McKendry, 2002a). 
Biomass has a much lower energy density than bio-oil and it therefore costs more to ship and/or 
store the same amount of energy (Steele et al., 2012). By converting it into a liquid fuel, 
transport costs are reduced and makes this resource an economically viable option in reducing 
the use of fossil fuel based energy (Goyal et al., 2008). Even if biomass is not readily converted 
into fuels it is very appealing, and thus its conversion is a critical need as a resource to be 
developed and researched. Thermochemical conversion, the use of high temperatures to break 
down the molecular bonds in lignocellulosic biomass to produce smaller molecules, is a potential 
extensively investigated method of converting biomass into liquid fuels (Goyal et al., 2008).  
Biomass can be used to produce biofuel using thermochemical treatments such as 
combustion, hydrothermal liquefaction, pyrolysis and gasification (Bridgwater et al., 1999). Each 
of these treatment methods are used for differing reasons depending on the desired products and 
the available feedstock. Combustion involves burning the biomass in order to produce heat, 
which can then be used for a number of industrial processes (McKendry, 2002b). Hydrothermal 
liquefaction uses high pressures (5 – 25 MPa) and moderate temperatures (250 – 550 °C) in an 
oxygen free environment to produce mostly a liquid product known as bio-oil (Tekin & Karagöz, 




moderate temperatures (300 – 700 °C) to produce bio-oil (Bridgwater et al., 1999). However, 
unlike hydrothermal liquefaction, pyrolysis does not require high pressures to operate, which 
simplifies equipment design and operating conditions. Gasification uses high temperatures (800 
– 1000 °C) in a starved oxygen environment to mostly produce a combustible gas product 
(Pereira et al., 2012). 
Of these methods, pyrolysis is receiving most of the attention for the production of 
transportation fuels, mostly due to the much higher energy density of the bio-oil products as 
compared with raw biomass, which is important for reducing shipping and storage costs.  
 Several methods are currently used for producing bio-oil through pyrolysis including 
fluidized bed reactors, ablative pyrolysis reactors, and vacuum pyrolysis reactors (Meier & Faix, 
1999). These systems are all designed for the optimization of liquid yields through the 
thermochemical breakdown of biomass through flash or fast pyrolysis. Each of the methods 
shares several key factors that have led to their success, and therefore their prevalent use in 
pyrolysis studies. These common characteristic are rapid heating rate, high heat transfer rates, a 
small particle size, precise temperature control, and the rapid cooling of the pyrolysis vapors 
(Tsai et al., 2006). 
  Induction heating offers a way of eliminating this wasted energy by directly heating the 
reaction chamber.  Induction heating is the process by which an AC current passed through a 
conductive coil generating an alternating magnetic field. This field can then be used to generate 
heat in conductive materials that are within the magnetic field range through inductance. 
Induction heating’s use is widespread, being commonly used in various industrial and scientific 
fields including preheating, heat treatment, welding and melting processes (Lucia et al., 2014). 




precise control, also make induction heating a viable heating mechanism for the pyrolysis 
process. Using induction heating as a method for heating the pyrolysis reactor offers several 
advantages over the most commonly used conventional method, fluidized bed reactors. Fluidized 
bed reactors use a large quantity of carrier gas, as well as a carrier material, usually sand, which 
facilitates the heat transfer to the biomass (Bridgwater et al., 1999). With respect to induction 
heating pyrolysis, there has been very little published information on the subject (Lee et al., 
2010; Tsai et al., 2009; Tsai et al., 2006). 
  Pine sawdust, the biomass used for these experiments, is a common waste material from 
forestry practices that has the potential to be used as  a feedstock in the production of biofuels 
(Hoogwijk et al., 2003). It has been commonly used as a model feedstock in renewable studies 
(Duo et al., 2013; Xian-Hua et al., 2009; Zhao et al., 2014).The range of temperatures 
investigated for pyrolysis vary depending on desired product, but the range from 400 - 700°C has 
been used consistently in research (Mohan et al., 2006).  The use of lower experimental 
temperatures led to an increase in the char yields, and led to a decrease in the gas yields. At 
higher temperatures, these same systems showed a significant increase in gas yields and a 
decrease in char and liquid yields (Chhiti et al., 2012). In general, the bio-oil yields increased 
until a certain temperature, typically 450 – 550 °C, before the yields again decreased (Akhtar & 
Saidina Amin, 2012; Chhiti et al., 2012; Garcia-Perez et al., 2008). In this study a fixed bed 
reactor heated via inductance was used to examine the liquid yields of pine sawdust, a common 
forestry waste product. The effects of temperature were studied to determine both the required 






2.2. Materials and Methods 
2.2.1. Materials 
 Pine chips were ground to a particles side of >1 mm and dried overnight at 100°C (Figure 
2.1) to a moisture content of less than 8% by weight as determined using an LJ16 Moisture 
Analyzer (Mettler Toledo, Switzerland).The dried biomass was then stored in sealed plastic bags 
at – 20 °C to reduce moisture adsorption until pyrolysis experiments were performed. 
 
Figure 2.1. The pine shavings prior to grinding and drying (left), and the final ground and dried 
sawdust (right) 
2.2.2. Equipment and experimental setup 
 A low frequency induction heating system ( LFI-5, RDO Induction L.L.C., Washington, 
NJ) was used to test a range of experimental temperatures from 400 to 800 °C and their effects 
on the liquid pyrolysis yields. The time for the thermochemical breakdown of the biomass at 
each temperature was also measured as a function of bio-char weight (until the bio-char weight 
was constant). An infrared sensor coupled to a controller (Omega iR2C PID, Omega 





mA signal adjusting the power output of the induction heater. A thermocouple was placed into 
the reactor chamber when the induction heater was turned off, to avoid interference, and the 
temperature was recorded. These readings showed us that the internal temperature was within 5 
°C of the desired set temperature. Mineral oil, chilled to – 5 °C, and circulated using a PhoenixII 
circulating bath (Thermo Scientific, Germany) through the condensation columns was used to 
condense the pyrolysis vapors. These columns were fitted to collection flasks that allowed for the 
condensed liquids to be collected. The uncondensed gasses were passed through ethanol and 
water traps before being vented in order to trap water- and organic-soluble compounds. 
 The RDO induction heater was a low frequency model that operated in the ranges of 35 
to 100 kHz, and used a power supply of 5 kW. The reaction tube was a 310-stainless steel tri-
clamp tube, which was 419 mm length with inner and outer diameters of 34.4 and 38.1 mm 
respectively, and a gas outlet, with an internal diameter of 16.5 mm, was attached 390 mm from 
the inlet gas flow. The induction coil used was a ten loop rubber coated copper coil with an 
overall length of 285 mm and an inner diameter of 59 mm.  
2.2.3. Experimental procedure for reaction times 
 The procedure for the experiments (Figure 2.2) was carried out as follows: First, 30 
grams of the pine sawdust feedstock was weighed out and packed in the center of the reaction 
tube. The tube was then placed into the induction coil supported by wooden blocks located 
outside of the induction heating coil. One end of the tube was attached to the inlet gas flow of 
argon, and the other to the gas outlet which directed the flow through the condensing system. 
The flow of argon was controlled to be 1 L·min
-1
 and the system was allowed to purge for 20 






Figure 2.2. The flow chart showing the system setup used for the pyrolysis experiments 
infrared PID controller and the system was operated for 10 minute intervals. After 10 minutes the 
system was allowed to cool and the partially pyrolyzed biomass remaining in the reaction tube 
was weighed. The biomass was then reinserted into the reaction tube and the process was 
repeated until no significant change was recorded in the char mass. The temperatures that were 
tested for complete reaction times were 400, 500, 600, 700, and 800 °C.  
2.2.4. Experimental procedure for determining bio-oil yield 
The procedure for the collection of the bio-oil product followed the same steps as the 
previous setup (Figure 2.2), except that the reaction times were now increased to 60 minutes for 
400 °C, 40 minutes for 500 °C, 30 minutes for 600 °C, and 20 minutes for both 700 and 800 °C 
based on results from previous testing. Gas samples were collected in sealed gas bags for further 















was collected from the flasks for weighing and chemical analysis. The yields of the liquid and 
char samples were based on the collected weights divided by the initial biomass weight, and the 
remainder determined the gas yields. 
2.2.5. Characterization and analysis 
 The gas samples were analyzed to determine the content of the non-condensable gasses 
CO, CO2, and CH4 using an SRI 8610C (SRI Instruments, Torrance, CA) gas 
chromatograph/mass spectroscopy (GC-MS). The water content of the liquid fraction was 
determined using a Karl-Fischer moisture titrator (Metrohm Model 831 KF Coulometer, 
Riverview, FL) in triplicates to ensure accurate readings. The bio-oil samples were well agitated 
and a 1mL subsample was removed. This subsample was mixed with 2 mL of 99.9 % pure 
hexane (Sigma Aldrich) and thoroughly mixed to ensure the extraction of maximum soluble 
organic compounds. The samples were then allowed to separate for 15 minutes and the hexane 
fraction was decanted for analysis using a GC-MS (Varian Saturn 2200 by Agilent Technologies, 
Santa Clara, CA).  
2.3. Results and Discussion 
2.3.1. Reaction times 
 The measurement of the char weights from the incremental time reactions was examined 
to determine both the required time for the complete reduction of the biomass as well as the 
difference in the rates of biomass reduction. The reaction times as determined by the incremental 
heating of the biomass samples show a markedly reduced time for a complete reduction of the  
biomass as the reaction temperature increased as seen in Figure 2.3. The final char mass follows 
a declining trend as the temperature increased from 400 °C to 800 °C, with the higher 





Figure. 2.3. Reduction of biomass weight as a function of time for differing reaction 
temperatures 
2.3.2. Product yields 
 The yields of the resulting products of the pine sawdust pyrolysis were examined to 
determine the effects of temperature on the quantity of the yielded fractions as well as the 
changes in composition of the fractions. As shown in Figure 2.4, the yields of the char declined 
as temperature increased from 400 °C to 800 °C, due to the increased conversion of biomass at 
higher temperatures.  The rate of decline in the char mass is much less significant between 600-
800 °C (25.58 to 20.96 %) than it is between 400 and 500 °C (39.12 to 29.41 %). This closely 
resembles similar results from other research groups (Akhtar & Saidina Amin, 2012; Tsai et al., 
2006).  On the other hand the total liquid yields (bio-oil and water) increased from 400 to 500 °C 
(27.55 to 36.49 %), but then the change from 500 - 800 °C (Figure 2.4) remain statistically 
insignificant when evaluated using a t-test (α = 5 %) . This lack of variation could be a result of 


































temperatures. This information shows that the optimum temperature to achieve maximum liquid 
yields was around 500 °C. 
 
Figure. 2.4. Dependence of char, water, and bio-oil yields based on wet mass basis from pine 
sawdust on pyrolysis temperature at a temperature dependent holding time, an argon flow rate of 
1L·min
-1
, and a condensation temperature of – 5 °C. 
2.3.3. Water content of the liquid fraction 
 Karl-Fischer (KF) titration was performed on the liquid fraction to determine the water 
content of the bio-oil (Figure 2.5). The content of water in the bio-oil (from the feedstock and as 
a result of the pyrolysis reaction) of is important because of the negative impact it has on the bio-
oil’s heating value and may additionally generated as bio-oil ages (Chen et al., 2014). As can be 
seen in Figure 2.5 the water content is between 14.74 and 17.84 % of the total yield. The amount 


























Figure. 2.5. The water and bio-oil yields from total initial biomass  
lowest water content occurred at 600 °C of 42.46% of the liquid fraction, or 15.22 % of the total 
yield. This was also the temperature of the maximum bio-oil yield, with a yield of oil of 20.73 % 
of the total mass. These water concentrations resemble the water yields presented by Bridgewater 
et.al. (1999), which indicated that a total yield of water is typically between 10 to 15 % of the 
total pyrolysis yields(Bridgwater et al., 1999). However, Tsai et.al. (2006) indicated that the 
water content of bio-oil produced using an induction heating mechanism was significantly higher 
than from other methods with water content from 73 to 90 % of the liquid fraction (Tsai et al., 
2006). This could most likely be attributed to the high moisture contents of their biomass 
feedstocks which were between 11 % and 16 % on a weight basis. This was not the case in this 
study as the water content was in the same range as other pyrolysis methods. Based on our 
results, we can state that the highest liquid yield occurred at 600 °C, even if the highest total 






















2.3.4. Chemical characterization of liquid fraction 
 The GC-MS was performed on the hexane extracted fraction of the bio-oil in order to 
determine the type of organic compounds that the pyrolysis experiments generated. Figure 2.6 
shows the different GC-MS chromatographs from the different pyrolysis temperatures. There is 
 
 
Figure 2.6. The GC-MS chromatographs which depict the presence of numerous molecules in 




Table 2.1. Approximate GC-MS compounds identified in all samples, as a result of pyrolysis of 
pine sawdust at different operating temperatures. 
Peak no. Time
a 
min. Compound Chemical Composition 
1 5.55 Ethylbenzene C8H10 
2 6.15 Styrene C8H8 
3 6.55 1-(2-furanyl)ethanone C6H6O2 
4 7.4 2-furancarboxadehyde,5-methyl C6H6O2 
5 7.7 Phenol C6H6O 
6 8.5 Indene C9H9 
7 8.65 p-Cresol C7H8O 
8 8.95 m-Cresol C7H8O 
9 9.1 Guaiacol C6H6O2 
10 9.33 2,4-dimethylphenol C8H10O 
11 9.65 2-ethylphenol C8H10O 
12 9.8 3,5-dimethylphenol C8H10O 
13 10 4-ethyl-phenol C8H10O 
14 10.7 4-ethyl-3-methyl phenol C9H12O 
15 10.75 3,4-dimethoxytoluene C9H12O2 
16 10.8 1-ethyl-4-methoxybenzene C9H12O 
17 11.2 4-ethylguaiacol C9H12O2 
18 11.55 2-methoxy-4-vinylphenol C9H10O2 
19 11.85 Eugenol C10H12O2 
20 12 4-propylguaiacol C10H14O2 
21 12.4 Isoeugenol C10H12O2 
 
very little variation in the peak patterns of the oils suggesting that the temperature has a 
minimum to negligible effect on the quality of the oil compared to the effect on the quantity. 
Figure 2.6 shows that the pyrolysis products from pine sawdust are a very complex mixture of a 
range of organic compounds; and this complexity makes the identification and quantification of 
specific organic molecules very challenging. Therefore, it cannot be specifically determined, 




using the MS search capabilities it was possible to determine the compounds whose appearance 
is the most probable as shown in Table 2.1. The corresponding peaks have been labeled in Figure 
2.6. As can be seen in Table 2.1, the compounds present correspond with what is to be expected 
from a non-upgraded pyrolytic bio-oil. Many aromatic and oxygenated organic compounds such 
as acids, ketones, phenols, and other aromatics were observed, which are similar with what other 
studies identified (Bertero et al., 2014; Mullen & Boateng, 2008). The high number of 
oxygenated compounds found in the bio-oil (Table 2.1) will lower the heating value of the liquid 
requiring an upgrading with a deoxygenation catalyst before the liquid could be used as a fuel 
source (Bridgwater et al., 1999; Olazar et al., 2000).  
2.3.5. Characterization of gas fraction 
 The collected gas samples were analyzed using a small-molecule GC-MS in order to 
quantify the presence of the non-condensable gases, mainly CO, CO2, and CH4, which were 
generated during the pyrolysis reaction. The 600 °C sample (Figure 2.7) was excluded from the 
analysis due to an error during sample collection which led to unreliable data. From the analysis 
in Figure 2.7 it can be seen that the presence of gases follows a positive trend with the amount of 
gas present increasing as the temperature increases from 400 – 800 °C. The increasing presence 
of the gases as the temperature increases suggests the more complete breakdown of the biomass 
at the higher temperatures (Chhiti et al., 2012; McKendry, 2002b). The increase in the presence 
of CO, CO2, and CH4 in the gas product also indicate that the other two fractions, char and bio-
oil, are experiencing declining trends in both the yields (due to more organic molecules being 
converted into gases), and lower heating value of the bio-oil as more of the carbon is removed 
from the liquid in the form of gas. The remainder of the gas content was nitrogen and > 2 % of 





Figure 2.7. Dependence of the presence and quantity of the gases CO, CO2, and CH4, as analyzed 
by GC, on the temperature at which pyrolysis is carried out. 
2.4. Conclusion 
 In this study, the batch pyrolysis of pine sawdust was conducted in a fixed-bed induction-
heating system. It was determined from the results that as the temperature increased the time for 
the complete reduction of the biomass to char decreased. The mass of the residual char also 
decreased with increasing temperature with the most significant change seen between 400 and 
500 °C. Also it was found that the yield of the liquid product was the highest at 500 °C, but that 
the highest bio-oil yield was collected at 600 °C. The analysis of the pyrolysis oil showed us that 
the oil was a very complex mixture of aromatic organic compounds as expected. The high water 
content of the liquid fraction that was collected indicated that a large amount of water is 



























produced bio-oil contains a variety of hydrocarbon compounds, further processing would be 
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A STUDY OF INDUCTION PYROLYSIS OF CELLULOSE, LIGNIN,  
AND PINE SAWDUST 
 
3.1. Introduction 
 The growing concern over the effects of human activity on the environment through the 
consumption of fossil fuels and the limited supply of these energy resources has created an 
increased interest in alternative, renewable fuel sources (Dhillon & von Wuehlisch, 2013). 
Energy from renewable resources (wind, solar, geothermal, biomass, etc.) show a great potential 
for replacing the dwindling fossil fuel supplies and have the advantage of contributing much less 
to global warming cause by the release of greenhouse gases (Bessou et al., 2011). The use of 
biomass as the source for renewable transportation fuels has received a great deal of attention in 
terms of research and development due to their potential to supplement and possibly even replace 
much of the current fuel supply (Vanholme et al., 2013). There are several methods that can be 
used to produce bio-based liquid fuels including hydrolysis and fermentation which produces 
ethanol (Chen et al., 2012; Hoover & Abraham, 2009), transesterfication of lipids which 
produces biodiesel (Boldor et al., 2010; Ma & Hanna, 1999; Muley & Boldor, 2013), and 
thermochemical conversion which can be used to produce bio-oil (Bridgwater et al., 1999; Goyal 
et al., 2008; McKendry, 2002). 
 Thermochemical conversion for the production of liquid biofuels has the advantage of 
being capable of readily producing a liquid fuel from any organic matter, most importantly 
lignocellulosic biomass (Goyal et al., 2008). There are two main thermochemical conversion  
methods that can be used to produce liquid fuels: hydrothermal liquefaction and pyrolysis 
(McKendry, 2002). Hydrothermal liquefaction uses a high pressure environment of 5 – 25 MPa 




produce bio-oil (Tekin & Karagöz, 2013). Pyrolysis, which also uses an oxygen free 
environment, uses slightly higher reactor temperatures between 300 °C and 700 °C to produce 
bio-oil (Bridgwater et al., 1999). Pyrolysis presents several advantages with respect to scale-up 
potential as it does not require equipment that need to operate at elevated pressures, and was 
chosen for these studies due to the advantage of operating under normal atmospheric pressures.  
 There are several different reactor designs that have been tested for the production of bio-
oil through pyrolysis including: fluidized bed reactors, ablative pyrolysis reactors, and vacuum 
pyrolysis reactors (Meier & Faix, 1999). These systems are all designed to optimize liquid yields 
from the pyrolysis of lignocellulosic biomass. Despite their distinct differences in design and 
execution, they each share several key features that allow for the maximum liquid yields. Thus, 
these features are important in the design of any pyrolysis reactor where high liquid yields are 
the primary goal. They include rapid heating rates, high heat transfer rates to the biomass, precise 
control of the reactor temperature, the rapid removal of the pyrolysis vapors from the reactor, 
and the rapid cooling of these vapors (Tsai et al., 2006).   
 Many of these traits can be achieved using an induction heating mechanism, which uses 
an AC current to create an oscillating magnetic field inside an induction coil which then heats 
any ferromagnetic material surrounded by induction coils. Induction heating offers a contactless 
heating method that meets most of the required pyrolysis reactor features needed for high liquid 
yields highlighted above (Lucia et al., 2014).  
  Induction heating, as it pertains to pyrolysis, also offers key advantages over the most 
commonly used, fluidized bed reactor. Fluidized bed reactors require the use of large quantities 
of carrier gas, as well as a carrier material to facilitate the efficient transfer of heat to the 




investigate the use of induction heating as a mechanism for operating a pyrolysis reactor, and 
much more work needs to be done before this method of pyrolysis is fully understood (Lee et al., 
2010; Tsai et al., 2009; Tsai et al., 2006). 
 Another factor that has a significant impact on the yield of liquid from pyrolysis is the 
biomass type used in the reactor (Jahirul et al., 2012). This study was concerned with 
understanding the pyrolysis of pine sawdust, a common waste material from many forestry and 
industrial practices, which demonstrates potential to be used as a biofuel feed stock (Hoogwijk et 
al., 2003). Pine sawdust, like all woody biomass, consists mostly of three compounds that 
account for the majority of its mass: cellulose, hemicellulose, and lignin. Pine sawdust consists 
of approximately 40 % cellulose, 10 % hemicellulose, and 30 % lignin the remainder of the 
biomass is accounted for as extractives such as resins, oil, and ash(Arsene et al., 2013). 
Therefore, this study was conducted to gain a better understanding of the pyrolysis of 
pine sawdust and to understand to what extent the different compounds (cellulose and lignin) 
contribute to the pyrolysis yields and quality, were also tested in the pyrolysis reactor. Studies 
have shown that the cellulose fraction is the primary contributor to the production of bio-oils, 
and that lignin is the primary fraction of biomass to contribute to the char yields (Wang et al., 
2008; Yang et al., 2006). To our knowledge this is the first reported study critically comparing 
the results of pyrolysis of pine sawdust and two of its main constituents in an inductively heated 
reactor. 
3.2. Materials and Methods 
3.2.1. Materials 
 The procedure for preparing the pine chips was the same previously described in section 




dried overnight at 100°C. The moisture content of the biomass was determined to be less than 
8% by weight using an LJ16 Moisture Analyzer (Mettler Toledo, Switzerland).The dried 
biomass was then stored in sealed plastic bags in a – 20 °C freezer to reduce moisture adsorption 
during storage until the experiments were carried out. 
 The cellulose and lignin were obtained from Pure Lignin Environmental Technology Ltd. 
(Kelowna, BC, Canada). The supplied cellulose was already broken into a fine particle size so 
grinding was unnecessary (Figure 3.1). The cellulose was rinsed thoroughly with hot water over 
a fine mesh to remove any remaining lignin particulates and water soluble hemicellulose. It was 
then placed overnight in a 100 °C oven to thoroughly dry the biomass and remove any excess 
water (Figure 3.1). The moisture content was then measure using the LJ16 Moisture Analyzer 
(Mettler Toledo, Switzerland), and the water content was determined to be 7.0 % by weight. The 
material was then sealed in plastic bags and stored in a – 20 °C freezer to prevent water 
absorption. 
 
Figure 3.1. The non-cleaned cellulose biomass is shown on the left, and the cleaned and dried 





The lignin supplied was in a suspended solution that needed to be separated to acquire the 
pure lignin for pyrolysis (Figure 3.2). This was accomplished by evaporating off the solution in 
an oven at 100 °C for 24 hours leaving behind only the solid lignin fraction (Figure 3.2). The 
moisture content of the lignin after being dried was determined to be 7.0 % by weight using the 
LJ16 Moisture Analyzer (Mettler Toledo, Switzerland). The lignin was then placed into plastic 
bags and stored in a – 20 °C freezer to prevent water absorption. 
 
Figure 3.2. The suspended "wet" lignin prior to drying (left) and the dry lignin (right) 
3.2.2. Equipment 
As previously described in section 2.2.2 a low frequency induction heating system (RDO 
Induction L.L.C., Washington, NJ) was used to test a range of experimental temperatures from 
500 to 700 °C and their effects on the liquid pyrolysis yields. An infrared Omega iR2C PID 
controller (Omega Engineering, Inc., Stamford, CT) was used to monitor and control the 
temperature of the reactor via a 4 – 20 mA feedback controller for managing the power output of 





 Modifications were made from the description provided in the previous chapter in the 
condensation and collection aspect of the pyrolysis system in order to improve yields and reduce 
the amount of uncondensed bio-oil. Those loses were determined to be due to the ineffective 
condensation in the previous system which utilized mineral oil chilled to – 5 °C circulated 
through condensation columns. The condensing columns were replaced with a condensing flask 
in an ice bath coupled with single stage quartz-based electrostatic precipitator (ESP). The quartz 
tube was a custom design fabricated by Technical Glass Products, Inc. (Painesville, OH). An 
ESP can remove suspended droplets from a gas by electrically charging the liquid droplets, 
which are then attracted to the grounded tube, where the droplets are collected. (Bedmutha et al., 
2009; Bologa et al., 2005). The ESP’s dimensions are shown in Figure 3.3. The ESP was fitted 
with a grounded cylindrical stainless steel tube that was 152 mm in length and had an internal 
diameter of 51 mm. A stainless steel wire was passed through the fitted cap and attached to the 
positive lead from the power supply (Gamma High Voltage Research, Ormond Beach, FL) 
power supply, operated at 15 kV. 
Figure 3.3. The electro static precipitator with its designed dimensions on the left and the ESP set 




 The bottom fitting of the ESP was designed to be a ground glass meeting a 24/40 mm 
fitting, which allowed the ESP to be attached directly to a glass T-joint connected to the 500 mL 
round bottomed collection flask, placed underneath the ESP. The outlet of the pyrolysis reactor 
was attached to the side. This allowed the hot vapors to pass into the ESP where they would then 
be condensed and fall into the collection flask. The collection flask was suspended in an ice bath 
at 0 °C to prevent the bio-oil from volatilizing and also lowered the temperature of volatiles and 
liquids to reduce the occurrence of undesirable secondary reactions.  
3.2.3. Experimental procedure 
 The biomasses, pine sawdust, cellulose, and lignin, were tested in the batch induction 
pyrolysis system (Figure 3.4) using five different operating temperatures: 500, 550, 600, 650, 
and 700 °C. These experiments were performed in triplicates in order to ensure accurate results 
for a total of 45 experiments. The biomass was weighed out in 25 g sample sizes, which were 
then placed into the center of the pyrolysis reaction chamber. The empty collection flask was 
also weighed before the experiments in order close the mass balance and get accurate pyrolysis 
yield values. The reactor was placed into the induction heating coils and connected to the gas 
inlet and outlet. Nitrogen gas flowing at 1 L·min
-1 
was then used to purge the system of oxygen 
for 20 minutes. The induction heater was then powered on and operated at each temperature for 
the length of times required to have no change in the bio-char mass. These times were previously 
determined in Chapter 2, Figure 2.3. The pyrolysis vapors then flowed into the collection system 
where the ESP prevented the vast majority of condensable bio-oil droplets from escaping 
(Bedmutha et al., 2009). After the predetermined operation time the induction heater was 
powered off and the reaction chamber was allowed to cool. The collection flask was then 




liquid fraction from the pyrolysis reaction. The oil was then placed into a storage bottle and 
stored in a – 20 °C freezer to reduce degrading and minimize secondary reactions prior to GC 
analysis. The unconsumed bio-char was then weighed, determining the bio-char yield for the 
experiment. The remaining weight unaccounted for in the char and liquid yields was assumed to 
consist of non-condensable gases. Gas samples were collected after the final stage of ethanol and 
water traps and stored in gas sample bags prior to GC analysis. 
 
Figure 3.4. The batch pyrolysis system used for the experiments with the components labeled: 1.) 
the nitrogen flow 2.) the IR temperature controller 3.) the RDO induction heater 4.) the pyrolysis 
reaction chamber 5.) the bio-oil collection flask in the ice bath 6.) the ESP 
3.2.4. Characterization and analysis 
 The analysis of the products was performed to better understand the chemical make-up of 













reaction. Char and bio-oil samples were analyzed in a 2400 Series 2 CHNS/O (Perkin Elmer, 
Inc., Waltham, MA) to determine the carbon, hydrogen, and nitrogen (CHN) content of the 
samples. 4 mg of sample were weighed out and placed into tin sample containers. These were 
then loaded into the 2400 Series 2 CHNS/O analyzer for processing. The results show the CHN 
content and the oxygen was calculated by difference. The bio-oil samples were well agitated and 
4 μL of bio-oil was then placed into a tin sample container, which had previously been fitted 
with glass wool filter paper to reduce the evaporation of the sample. The container was then 
folded shut and the sample immediately ran to minimize the potential loss of low molecular 
weight compounds.  
 The water content of the bio-oil samples was determined using a Karl-Fischer moisture 
titration device (Metrohm Model 831 KF Coulometer, Riverview, FL). 50 μL of well shaken bio-
oil sample was weighed and mixed with 50 mL pure ethanol. The water content of this mixture 
was then determined, and the water content of the ethanol was subtracted to give the amount of 
water present in the oil sample. 
 A GC-MS (Varian Saturn 2200 by Agilent Technologies, Santa Clara, CA) was 
performed on the oil samples to identify and quantify the chromatographic peaks corresponding 
to bio-oil components. The samples were extracted using dichloromethane (DCM) in a 1:5 bio-
oil to solvent ratio prior to analysis. The operating conditions of the GC using a DB-5 column 
with a flow rate of 1.0 mL·min
-1 
were; the initial oven temperature was 40 °C which was held for 
6 minutes, then was heated at a rate of 4 °C·min
-1
 until a temperature of 240 °C was achieved, 
and then it was heated again at a rate of 20 °C·min
-1
 until the system was at 280 °C, for a total 




areas of different compound types were compared to get a proportional relationship of their 
presence in the oil samples. 
3.2.5 Carbon and energy balances: 
 The carbon balance was performed to determine where the carbon from the biomass 
ended up in the products; as carbon is the primary contributor to the heating value of the bio-oil 
and bio-char. This balance shows how the products change as temperature changes and give an 
idea of the way in which the biomass was broken down.  
 The results of the pyrolysis experiments were analyzed and an energy balance was 
performed to compare the input and output energy values. The energy content of the liquid 
products was determined by the equation presented by Scholze and Meier (2001) which compute 
the higher heating value (HHV) of the liquid product using the CHN analysis, on a percent 
weight basis, and Dulong’s formula (Scholze & Meier, 2001): 
HHV(MJ/kg) = [                (   
  
 
)]        
 The energy content of the biomass and char was obtained using the equation provided by 
Demirbas (2004) (Demirbas & Demirbas, 2004): 
HHV(MJ/kg) = 0.3856 (C % + H %) – 1.6938. 
 
 The energy content of the gases was calculated by assuming the yields of CO and CH4 
were the only energy yielding gases produced. The energy balance helps in determining which 
operating temperatures are most energy efficient, as both the gases and the liquid products can be 







3.3. Results and Discussion 
3.3.1. Product yields 
 A simple visual analysis indicated that pine sawdust produced the highest liquid yield, 
followed by cellulose and lignin (Figure 3.5). Qualitatively the viscosity of the bio-oil obtained  
 
Figure 3.5. Shows the bio-oil products from the three biomasses from left to right: pine sawdust, 
cellulose, and lignin bio-oil products 
from the pine sawdust was more viscous than the liquids obtained from cellulose and lignin. The 
yields of the products of pine sawdust (Figure 3.6), cellulose (Figure 3.7), and lignin (Figure 3.8) 
were quantitatively studied to better understand the effects of reaction temperature on yields. All  
 
Figure 3.6. The yields of char, liquids, and gases indicating the effects of changing temperature 
on the yields from the induction pyrolysis pine sawdust. 
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Figure 3.7. The dependence on the yields of char, liquid, and gases on the reaction temperature 
of the induction pyrolysis of cellulose 
 
Figure 3.8. The effect of changing reaction temperature on the yields from the induction 
pyrolysis of lignin 
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biomasses show a declining trend in the char yield as the temperature was increased from 500 °C 
to 700 °C as expected; this is due to the increased biomass degradation at higher temperatures 
(Bridgwater et al., 1999; Goyal et al., 2008). However, the decrease in cellulose char yields,  
21.9 % at 500 °C to 21.1% at 700 °C (Figure 3.7), much smaller than what was observed for the 
other two biomasses as the pyrolysis temperature increased: 22.9 % to 19.5 % for pine sawdust 
(Figure 3.6) and 57.0 % to 51.8 % for lignin (Figure 3.8) respectively. This would indicate that 
the cellulose is more completely broken down at lower reaction temperatures compared to the 
other biomasses. The significantly higher char yields from the pyrolysis of lignin as the 
temperature increased indicate that lignin is not fully reduced until higher reaction temperatures 
are experienced (above what was tested here, see Chapter 2 for higher temperature). As cellulose 
comprises approximately 40 % of pine sawdust as shown by Arsène et.al., and the char yields of 
cellulose were 21.9, 23.0, 21.7, 20.9, and 21.1% (Figure 3.7) for the reaction temperatures 500, 
550, 600, 650, and 700 °C respectively, it can be surmised that cellulose accounted for 
approximately 8.8, 9.2, 8.7, 8.4, and 8.4 %  to the total char yields of the pine sawdust for each 
of the respective temperatures (Arsene et al., 2013). Also as lignin was shown to make up 
approximately 30 % of pine sawdust and the char yields of lignin were 57.0, 56.6, 54.7, 54.7, and 
51.8 % (Figure 3.8) for the reaction temperatures 500, 550, 600, 650, and 700 °C respectively, it 
can be surmised that lignin contributed approximately 17.1, 17.0, 16.4, 16.4, and 15.5 % to the 
total char yield of the pine sawdust for each of the respective temperatures. While these results 
add to more than the actual yield of char created from the pine sawdust they do demonstrate the 
impact that each of the biomass components have on the yield of the lignocellulosic biomass. 
These results reflect those shown by other studies which state that the lignin is the primary 




char yields in the case of pine sawdust can be attributed to hemicelluloses and resins that are 
removed during the purification process of the cellulose and lignin fractions. 
The liquid yields of the three biomasses (Figures 3.6, 3.7, and 3.8) showed several trends 
that occurred as the reaction temperature increased. The highest liquid yield for pine sawdust 
occurred at 600 °C with a yield of 55.3 % (Figure 3.6), which followed first a linear positive 
trend (y = 0.0062x + 0.5333) and then a negative trend (y = - 0.018x + 0.5678), with the 
transition occurring at 600 °C. This is significantly higher than the yield of liquid in previous 
pine sawdust pyrolysis experiments reported in Chapter 2, section 2.3.2, in which the highest 
yield of liquids was 36.1 % (which is 19.2 % less than what is obtained with the ESP). The 
higher yield clearly demonstrates that the ESP improves significantly the amount of liquid 
product collected by reducing the loss of condensable vapors. The maximum liquid yield for 
cellulose was 44.7 % at 500 °C followed by declining values as the temperature increased, to a 
minimum of 33.6 % liquid product achieved at 700 °C. This declining trend coupled with a 
maximum yield at the lowest tested temperature support the idea that cellulose requires a lower 
reaction temperature to be pyrolyzed as compared to the pine sawdust biomass. As previously 
stated, cellulose makes up approximately 40 % of pine sawdust biomass, and comparing the 
highest yield of pine sawdust at 600 °C (Figure 3.7) with the liquid yield of cellulose at this 
temperature, 38.7 % (Figure 3.8), it can be determined that the liquid produced from the 
pyrolysis of cellulose in the pine sawdust contributes approximately 28.6 % of the total liquid 
yield from pine sawdust (Wang et al., 2008), however in a conventional pyrolysis reactor. This 
indicates that a large portion of the bio-oil is derived from the cellulose in the biomass, which 
was also shown by Wang et.al. (Wang et al., 2008). Similarly, as pine sawdust is comprised of 




pine sawdust as it yielded only 19.1 % liquids at 600 °C. The remaining liquid yield of pine 
sawdust can be attributed to the hemicelluloses and resins that are removed during the 
purification process for both the pure cellulose and lignin products used for these experiments. 
 The non-condensable gases of the pyrolysis experiments were studied to understand the 
behavior of the gas yields of the different biomasses at the different reaction temperatures. All of 
the biomasses exhibited an increasing trend in the yields of gasses as the pyrolysis temperature 
was increased from 500 °C to 700 °C with maximum yields of gasses for all biomasses occurring 
at the 700 °C pyrolysis reaction temperature. Cellulose displayed the largest increase in gas 
yields (Figure 3.7) with a yield of 33.4 % at 500 ° and a yield of 45.3 % at 700 °C; this is an 
absolute increase of 11.9 % in gas yields. Lignin had an absolute increase in gas yields of 9.3 % 
over the same temperature span (Figure 3.8), and pine sawdust had an increase of only 5.7 % in 
gas yields (Figure 3.6). Comparison of the maximum gas yields of the three biomasses shows us 
that cellulose had higher gas yields with 45.6 % as compared to the other two biomasses. Lignin 
had a maximum yield of 30.9 % gases, and pine sawdust only yielded a maximum of 28.8 % of 
non-condensable gases under the same operating conditions. The trend of increased gas yields as 
reaction temperature increased has been shown in previous studies and was expected, it is due to 
the more complete breakdown of the biomasses at the higher reaction temperatures (Açıkalın et 
al., 2012; Chhiti et al., 2012; McKendry, 2002). The optimum operating conditions for highest 
energy efficiency accounting for both liquid and gas products are explored in the energy balance 
discussion section.  
3.3.2. Water content of the liquid fraction 
Karl Fischer (KF) titrations were performed on the liquid fractions to determine the water 







Figure 3.9. The KF titrations of the three biomasses pine sawdust, cellulose, and lignin. Showing 
the change in water content of the bio-oil and the bio-oil as a fraction of the total mass compared 





























































which indicate the percentage of water found in each liquid sample. As shown in Figure 3.9 the 
water content of the liquid fraction is significant, this has previously been reported to be a side 
effect of induction pyrolysis (Lee et al., 2010; Tsai et al., 2006). The maximum liquid yield for 
pine sawdust was shown to occur at 600 °C; the water yield at this temperature was 45.8 % of 
the liquid fraction or 25.3% of the total yield. The water content of the cellulose liquid fraction 
was greater than half of the liquid yield; the water content reached a maximum of 60.2 % of the 
liquid yield at 600 °C or 23.3 % of the total yield. The water content as a fraction of the total 
mass followed a slight negative trend as the reaction temperature was increased; this paralleled 
the negative trend seen in the total liquid yield in the pyrolysis of cellulose. The water content in 
the liquid fraction of the lignin yields was significantly higher than that of the pine sawdust and 
cellulose. The lignin water content ranged from 69.5 – 76.9 % of the liquid fraction or 13.3 – 
15.4 % of the total yield. An initial moisture content of 7.0 % in the lignin indicates that only 7 – 
8 % of the biomass was converted into bio-oil, for the temperatures tested. This high water yield 
indicates that lignin does not yield a quality bio-oil. The high water content of the liquid products 
indicates that the water and bio-oil must be separated before the oil can be used as an energy 
source, as the water content reduces the heating value of the liquid. 
3.3.3. Characterization of the char 
 An elemental analysis of the char products of the induction pyrolysis reactions was 
performed and the results were compared to the unpyrolyzed biomasses; the results are shown in 
Table 3.1. The results of this analysis show a significant increase in the carbon content in the 
pine sawdust samples. The unburned pine sawdust has a carbon content of only 46.6 % as 
compared to the pyrolyzed biomass, 81.2 % at 500 °C; this is an absolute increase in carbon 




Table 3.1. The CHN analysis results of the char yields from the induction pyrolysis of pine 
sawdust, cellulose, and lignin compared to the CHNO analysis of their respective biomasses. 
Biomass Temperature (°C) % Carbon % Hydrogen % Nitrogen % Oxygen 
Pine sawdust 
Unburned 46.63 6.43 0.2 46.74 
500 81.19 3.5 0.34 14.98 
550 86 3.09 0.37 10.54 
600 88.5 2.44 0.53 8.54 
650 89.7 2.01 0.75 7.53 
700 88.52 1.89 1.46 8.13 
Cellulose 
Unburned 41.53 6.68 0.75 51.04 
500 79.45 3.3 0.74 16.51 
550 76.74 3.29 0.67 19.3 
600 76.27 3.44 0.55 19.74 
650 82.62 1.94 0.54 14.9 
700 74.13 3.28 0.56 22.03 
Lignin 
Unburned 36.71 4.04 4.97 54.28 
500 48.34 1.72 4.14 45.8 
550 39.68 0.93 2.94 56.45 
600 39.68 0.54 1.92 57.86 
650 53.01 1.28 3.58 42.13 
700 26.1 0.54 1.92 71.45 
 
accounts for the majority of the remaining mass in the unburned biomass CHN, has been 
significantly reduced during the pyrolysis process. The cellulose carbon content follows a similar 
trend as the pine sawdust with the carbon content increasing significantly from 41.5 % for 
unburned biomass to 79.5 % for bio-char at 500 °C. This increase explained as a result of the 
overall reduced char mass, and the remaining char becoming an increasingly condensed carbon 
matrix (Ronsse et al., 2013). The more reactive oxygen and hydrogen is removed for the most 
part during pyrolysis leaving behind a higher concentration of carbon in the char.  
The lignin char fraction does not follow this pattern of an increasing carbon content of 
the char yield. The carbon content does increase from the lignin biomass to char from the 550 °C 




temperatures, eventually leaving less carbon in the char than was present in the unburned 
biomass. This could be a result of the complex and tightly bound structure of lignin, or from the 
presence of molecules that were untested for such as sulfur and oxygen which are disrupting the 
carbon matrix and changing up the chemical reactions that take place on the surface of the 
biomass pores during pyrolysis. It also may be caused by lignin not being fully decomposed at 
these operating conditions. 
3.3.4. Characterization of the liquid fraction 
 The liquid fraction was characterized to better understand the quality of the bio-oil 
product using CHN and GC-MS analysis. CHN analysis (Table 3.2) was used to understand the 
elemental composition of the oil, and also approximate the oxygen content of the liquid. The 
GC-MS analysis was used to determine two key factors of the liquid quality; first it was used to 
identify compounds that are useful for the production of liquid fuels, and second to quantify the 
peak areas to determine the relative presence of certain compound groups. The CHN analysis of  
Table 3.2. The CHN analysis of the liquid fraction showing the change in composition of the 
liquid fraction between the three biomasses due to the change in the pyrolysis reaction 
temperature 
Biomass Temperature °C % Carbon % Hydrogen % Nitrogen % Oxygen 
Pine sawdust 
Unburned 46.63 6.43 0.2 46.74 
500 59.24 11.21 0.35 29.2 
550 66.41 12.62 0.15 20.82 
600 43.42 8 1.29 47.29 
650 40.18 10.23 2.35 47.24 
700 46.45 11.52 0.55 41.49 
Cellulose 
Unburned 41.53 6.68 0.75 51.04 
500 50.45 15.26 0.48 33.81 
550 47.36 12.61 0.41 39.62 
600 57.47 16.55 0.53 25.44 
650 35.29 16.63 0.32 47.76 





(Table 3.2 continued) 
Biomass Temperature °C % Carbon % Hydrogen % Nitrogen % Oxygen 
Lignin 
Unburned 36.71 4.04 4.97 54.28 
500 29.59 28.25 13 29.16 
550 20.66 23.41 11.37 44.56 
600 22.42 25.93 11.78 39.86 
650 25.73 32 17.38 24.89 
700 22.45 31.27 17.31 28.97 
 
the liquid fractions was performed on the liquid fraction to determine the behaviors of the liquid 
chemical composition as it changed due to the use of different biomasses at different operating 
conditions. The table shows the percent of Carbon, Hydrogen, and Nitrogen in the liquid samples 
on a weight basis. The oxygen content of the liquid fraction was assumed to be the remainder of 
the liquid. From the CHN analysis it can be seen that the liquids obtained from the pyrolysis of 
pine sawdust yielded higher carbon content and lower nitrogen content than the other two 
biomasses. Using the assumption that oxygen accounts for the remainder of the liquid 
composition, the oxygen content of the liquids obtained from cellulose were much higher than 
the oxygen contend from the other biomasses. This can be also explained by the higher initial 
oxygen content of the cellulose based upon its chemical formula (C6H10O5)n as compared to 
(C31H34O11)n of lignin. The maximum oxygen content of the bio-oil from cellulose was 47.8 % at 
650 °C, as compared with 25.6 % for pine sawdust at 500 °C and 44.6% for lignin at 550 °C. The 
liquids obtained from the lignin biomass have significantly lower carbon content than the liquids 
from pine sawdust and cellulose and very high hydrogen and nitrogen contents. The high oxygen 




 The GC-MS graphs of the DCM extracted liquid products (Figure 3.10) were also 
analyzed to quantify the peak areas of certain compound groups as well as some individual 
compounds (as described in literature) (Olazar et al., 2000). The compound groups that were 
 
Figure 3.10. The fresh bio-oil sample on the left and the DMC extracted fraction shown on the 
right 
quantified in Table 3.3 were: ketones, aldehydes, alcohols, acids, phenols, aromatics, 
polyaromatic hydrocarbons (PAHs), and fatty alcohols(Olazar et al., 2000). The lignin GC-MS 
data revealed that all temperatures yielded only phenolic compounds. However, even for lignin 
there was an increase in the smaller molecule peak areas, and a decrease in the larger molecule 
peak areas as the reaction temperature increased. The results show that the cellulose and pine 
sawdust both yielded high concentrations of phenols. The phenol yield is much higher in the 
sawdust liquids; this can be accounted for by the contribution of lignin to the liquid yields (Wang 
et al., 2008). The GC-MS quantification shows that the pyrolysis of the pine sawdust and its 
constituents yielded a complex mixture of oxygenated compounds, this finding support the 








Biomass Compound Type 500 550 600 650 700 
Pine 
sawdust 
Furans 9.31% 5.80% 0.00% 7.01% 2.80% 
Ketones 4.23% 5.20% 10.92% 9.27% 16.42% 
Aldehydes 0.00% 1.18% 15.19% 0.00% 0.00% 
Alcohols 1.51% 0.50% 3.38% 0.00% 1.63% 
Acids 0.00% 0.39% 1.54% 10.27% 1.60% 
Phenols 80.69% 84.04% 59.65% 83.72% 72.43% 
Other 1.37% 1.87% 9.32% 0.00% 5.11% 
Polyaromatic Hydrocarbons 0.00% 1.01% 0.00% 0.00% 0.00% 
Cellulose 
Fatty Alcohols 0.00% 0.00% 0.00% 0.00% 0.00% 
Furans 21.63% 17.85% 46.22% 17.29% 39.18% 
Ketones 21.53% 29.47% 11.92% 35.64% 36.32% 
Aldehydes 0.00% 1.73% 0.00% 0.00% 0.00% 
Alcohols 18.21% 14.04% 7.47% 16.38% 0.00% 
Acids 0.00% 1.73% 0.00% 0.00% 0.00% 
Phenols 33.70% 29.69% 31.74% 30.68% 24.50% 
Other 4.92% 5.49% 2.66% 0.00% 0.00% 
Polyaromatic Hydrocarbons 0.00% 0.00% 0.00% 0.00% 0.00% 
Fatty Alcohols 0.00% 0.00% 0.00% 0.00% 0.00% 
Lignin Phenols 100% 100% 100% 100% 100% 
 
3.3.5 Carbon and energy balances 
A carbon balance was performed on the product of the pyrolysis system, in order to 
determine the end point of the original carbon found in the biomass as it was pyrolyzed and 
collected (Table 3.4). As it can be observed, carbon decreased in all three biomasses for liquid 
and char as the reaction temperature was increased. The gas fractions all experienced an increase 
in carbon as the temperature was increased. The liquid fractions of the cellulose and the lignin 





Table 3.4. The Carbon balance performed on the three biomasses at the different operating 
conditions 
 
Input (g) Output (g) 
  Temperature (°C) Biomass Char Liquid Gases 
  500 13.99 5.57 5.22 3.2 
  550 13.99 5.55 5.77 2.67 
PSD 600 13.99 5.14 6.27 2.58 
  650 13.99 5.21 5.1 3.67 
  700 13.99 5.18 5.41 3.4 
  500 12.46 5.21 2.96 4.28 
  550 12.46 5.31 2.75 4.4 
CEL 600 12.46 4.96 2.65 4.84 
  650 12.46 5.17 1.71 5.58 
  700 12.46 4.98 1.66 5.82 
  500 11.01 7.95 0.53 2.53 
  550 11.01 6.5 0.38 4.13 
LIG 600 11.01 6.27 0.34 4.4 
  650 11.01 6.06 0.33 4.63 
  700 11.01 4.77 0.27 5.97 
  
sawdust the liquid yields showed an increase until 600 °C and then a decrease. This data 
indicated that the carbon from the biomass shifted from the solid state at the lowest temperatures, 
to the liquid state at the more moderate temperatures, and then to the gas fraction at the highest 
temperatures. The shifting carbon indicates that at the higher temperatures the biomass is broken 
into smaller molecular structures and that at moderate temperatures the majority of the biomass 
carbon can be converted into liquids.   
The energy balance (Table 3.5) of pine saw dust shows that the optimum temperature was 
550 °C in order to maximize energy efficiency. However, this analysis included the values for 
char which is often used for soil amendments and not combusted for energy. If the char value is 
not counted toward energy products, the optimum temperature shifts to 600 °C which was 




Table 3.5. The energy balance comparing the three biomasses and the energy of the products as compared with the energy of their 
inputs 
 
  Energy Inputs (kJ) Energy of the outputs (kJ) 
Energy Ratios  
Outputs/Inputs 









500 563.06 38 309.27 3.13 212.29 524.73 0.93 0.87 13.81 
550 563.06 42.88 330.24 1.21 210.64 542.12 0.96 0.89 12.64 
600 563.06 44.25 318.08 0.32 193.77 512.2 0.91 0.84 11.58 
650 563.06 45.63 302.25 2.02 195.74 500.04 0.89 0.82 10.96 
700 563.06 43.5 309.13 2.04 194.14 505.34 0.9 0.83 11.62 
CEL 
500 506.88 38 193.69 2.45 197.96 394.14 0.78 0.72 10.37 
550 506.88 42.88 157.36 1.75 201.64 360.78 0.71 0.66 8.41 
600 506.88 44.25 178.87 3.93 188.88 371.71 0.73 0.67 8.4 
650 506.88 45.63 132.03 1.8 193.62 327.48 0.65 0.59 7.18 
700 506.88 43.5 141.37 1.84 187.19 330.43 0.65 0.6 7.6 
LIG 
500 420.5 38 81.24 0.39 289.1 370.75 0.88 0.81 9.76 
550 420.5 42.88 60.34 0.53 228.59 289.47 0.69 0.62 6.75 
600 420.5 44.25 57.89 0.59 218.88 277.37 0.66 0.6 6.27 
650 420.5 45.63 64.36 0.89 211.32 276.58 0.66 0.59 6.06 





2012; Mao et al., 2012).  At 600 °C the maximum liquid yields are obtained and contribute to the 
most effective operating parameters. For lignin, the 500 °C temperature indicate the best results 
due to the high energy content of the char, however if the char is removed from the equation then 
the optimum temperature for pure lignin occurred at 700 °C, where a major contribution toward 
energy value comes from gas. The cellulose pyrolysis was most energy efficient at 500 °C, again 
due to the high energy content found in the char. If the char value is removed, the energy 
efficiency between the 500 and 600 °C operating conditions become different by less than 4 kJ 
total. These close values could potentially be resolved if the gas samples can be further analyzed 
to quantify higher molecular weight gases. Net energy produced, which does not include the 
biomass energy content demonstrates that the system is most efficient at the lowest operating 
temperature for all three biomasses.  
3.4. Conclusion 
In this study, the batch induction pyrolysis of pine sawdust, cellulose, and lignin were 
conducted in a fix-bed heating system. Based upon the increased bio-oil yields from pine 
sawdust from this study as compared to Chapter 2, section 2.3.2, it can be determined that the 
ESP and ice bath design significantly improved the collection of pyrolysis vapors and thus 
improved the liquid yields. It was shown that the char yields decreased with temperature for all 
of the biomasses, and the carbon content in the char yields increased in the pine sawdust and 
cellulose experiments. The maximum liquid yield was achieved at 600 °C for pine saw dust, and 
the highest liquid yields for cellulose and lignin were obtained at 500 °C. The fact that the 
cellulose and lignin liquid yields are significantly lower than that of the pine sawdust indicate 





structures, i.e. hemicelluloses and resins. Water content of the liquid fraction tended to follow a 
negative trend as reaction temperature increased. The high amount of water indicates that water 
is produced during the pyrolysis reaction. CHN analysis of the bio-oil product shows high levels 
of oxygen in the liquid products, with significant differences between the carbon contents of the 
liquids. Pine sawdust’s liquid had much higher carbon content and therefore a higher heating 
value than the liquid from the other two biomasses. The GC-MS revealed that the majority of the 
liquid consisted of phenolic and oxygenated hydrocarbons, with lignin bio-oil displaying a near 
100 % content of phenolic compounds as the GC-MS revealed no other groups in the DCM 
extracted oil. Analysis of the gas fraction shows that as the temperature increases, the amount of 
gas yielded increased which, when paired with the declining char masses showed an increase in 
the thoroughness of the biomass breakdown at higher temperatures. The energy balance of the 
system revealed that the optimum operating temperature occurred at the lowest temperature due 
to the high energy content of the bio-char. However, if the bio-char is removed from the 
calculations the efficiency increased for pine sawdust at temperatures which had higher liquid 
yields. The energy consumed by the pyrolysis system as compared to the energy content of the 
products shows a positive energy net gain, when excluding the energy content of the biomass, 
which demonstrates that the system is effective at converting biomass. Overall, the yields of pine 
saw dust are comparable to pyrolysis yields using other heating mechanism suggesting that this 
system deserves further study to determine its potential use as a biofuel production method. 
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A STUDY OF INDUCTION PYROLYSIS OF ENERGY CANE BAGASSE 
4.1. Introduction 
 As the world’s supply of fossil fuels continues to dwindle, and with large portions of 
these supplies located in politically unstable regions a strong interest has emerged in developing 
and utilizing alternative energy resources (Babu, 2008; Vanholme et al., 2013). Along with 
concerns related to supply forecasts, fossil fuels are also viewed negatively due to their 
environmental impact through the emission of greenhouse gases (Bessou et al., 2011). Several 
renewable energy sources can be used for the production of electrical energy, but for the most 
part liquid fuels used in transportation can only be derived from renewable biomass. The growth 
of the biomass consumes carbon dioxide, the production of this greenhouse gas from combustion 
of biomass based fuels does not produce a net increase of atmospheric CO2 (Mohan et al., 2006).  
 Biomass can be converted into fuels using a variety of methods including: hydrolysis and 
fermentation to create alcohols (Chen et al., 2012; Hoover & Abraham, 2009), transesterification 
of oils from seeds or algae to create biodiesel (Boldor et al., 2010; Mao et al., 2012; Muley & 
Boldor, 2013), and thermochemical conversion to create bio-oil and syngas (Bridgwater et al., 
1999; Goyal et al., 2008; McKendry, 2002), followed by an eventual Fiodor-Tropode process to 
convert syngas into a fuel. Of these methods for biomass conversion, thermochemical is the only 
method which can readily convert lignocellulosic biomass to fuel (Meier & Faix, 1999). 
Thermochemical conversion can be broken down into four major categories, combustion, 
gasification, hydrothermal liquefaction, and pyrolysis (McKendry, 2002). These four categories 
differ based upon their operating conditions and the products that the different operating 
conditions are able to produce. Liquefaction and pyrolysis are the only two thermochemical 




converted into fuel, with gasification requiring an extra processing step (Fiodor-Tropode) in 
order to obtain liquid from syngas. Hydrothermal liquefaction processes the biomass in an 
oxygen free environment, at moderate temperatures (250 – 550 °C), and under high pressures (5 
– 25 MPa). Pyrolysis also operates in an oxygen free environment, but it uses a slightly higher 
temperature range (300 – 700 °C) that eliminates the need for high pressures and simplifies the 
equipment design (McKendry, 2002). Thus pyrolysis was selected for this project due to its 
ability to be operated at atmospheric pressures.  
 There are several reactor designs for pyrolysis that can be used for the production of 
biofuels, and they all share several features that are designed to maximize liquid yields. To 
achieve high yields in a pyrolysis reactor certain operating conditions need be met: rapid heating 
rates, rapid transfer of heat to the biomass, precise control of the reactor temperature, low 
residence times for the pyrolysis vapors, and the rapid cooling of the pyrolysis vapors 
(Bridgwater et al., 1999; Tsai et al., 2006).  
 In this project, induction heating was tested as a potential energy source for the pyrolysis 
of biomass. Induction heating uses an alternating current through a conductive coil to generate an 
alternating magnetic field; this magnetic field induces eddy currents within the ferromagnetic 
pyrolysis chamber, according to the principles of Faraday’s law of induction, generating heat. 
Induction heating offers several features that make it appealing for the use of pyrolysis, as it 
allows for the rapid and precise heating of the reaction chamber as well as a high heating energy 
efficiency (Lucia et al., 2014). As induction heating can uniformly heat a fixed bed reactor 
eliminating the need for heat transfer materials typically used in the fluidized bed (Bridgwater et 




amount of research done on the use of induction heated pyrolysis reactors were the main driving 
forces behind this study. 
 The other key factor in the yields of the pyrolysis reaction aside from the reactor used and 
the operating conditions is the species of biomass that is pyrolyzed. This study explored the use 
of energy cane (Saccharum complex) as a potential energy crop feedstock for pyrolysis systems. 
Energy cane is a high fiber sugar cane hybrid of commercial and wild sugar cane varieties. The 
cane yields much higher tonnage of biomass per hectare due to the high fiber content of the 
bagasse, but this comes at the cost of decreasing the yield of fermentable sugars (Kim & Day, 
2011). However, if the extra fiber could be used to create liquid fuels through pyrolysis, then 
growing energy cane instead of more typical varieties could become profitable due to the 
significantly higher biomass yield per hectare. The pyrolysis of this biomass was studied to 
determine its potential as a pyrolysis feedstock, and to understand the behavior of its yields as a 
result of changing reaction temperature. To our knowledge, this is the first study that 
systematically integrated the pyrolysis of energy cane biomass in an inductively-heated reactor. 
4.2. Materials and Methods 
4.2.1. Materials 
Energy cane bagasse was obtained from the Audubon Sugar Institute (Louisiana State 
University, 3845 Hwy 75, St. Gabriel, LA). The cane had already been processed for sugar 
extraction which involves the grinding and crushing of the cane, and had been further processed 
to remove any excess saccharides by washing the bagasse in hot water. Once received, the 
biomass was dried over night at 100 °C to remove and excess moisture from the biomass. The 
end moisture content was determined to be 3.5 % by weight using an L16 Moisture Analyzer 




> 0.5 mm intermediate diameter length (Figure 4.1), and stored in sealed plastic bags at – 20 °C 
to prevent the reabsorption of moisture.  
 
Figure 4.1. The energy cane bagasse before processing is shown on the left and the ground and 
dried energy cane bagasse is shown on the right. 
4.2.2. Equipment 
 The pyrolysis system as described in Chapter 3, section 3.2.2 was also used for the 
pyrolysis of energy cane. This system consisted of a low frequency induction heater (RDO – 
Low Frequency, RDO Induction L.L.C., Washington, NJ) which was used to heat the stainless 
steel reaction tube which held the biomass. The induction heater’s power output was controlled 
using the infrared Omega iR2C PID controller (Omega Engineering, Inc., Stamford, CT), which 
used a 4 – 20 mA control signal to adjust the output power of the induction heater to achieve and 
then maintain the desired reactor temperature. The power output of the induction heater was 
monitored and recorded to be used in the energy analysis calculations. 
 Nitrogen gas was used both to purge the oxygen from the system prior to pyrolysis and as 
a carrier gas to move the pyrolysis vapors out of the reactor and into the collection system to be 





in Chapter 3, section 3.2.2, which utilized and ESP and a collection bottle suspended in an ice 
bath. The ESP, which was fabricated specifically for the pyrolysis system by Technical Glass 
Products, Inc., (Plainesville, OH), was designed as a single-stage ESP which uses a high voltage 
anode and grounded wall to generate a corona discharge to charge the pyrolysis vapor droplets 
and attract them to the ground wall (Bedmutha et al., 2009). The ESP was operated at a 15 kV 
power level using a Gamma High Voltage power supply (Gamma High Voltage Research, 
Ormond Beach, FL) to control the power. The vapors collected on the grounded wall and 
condense; from there they fall into the collection flask where they can be collected. Figure 4.2 
shows the ESP and collection flask setup. Excluded from the image is the T-joint that links the 
two pieces with 24/40 ground glass fittings, and which allows the pyrolysis vapors to enter into 
the collection system. All non-condensable gases and pyrolysis vapors which escaped the ESP 
were passed through ethanol and water bubble filters (Figure 4.2) to remove any remaining 
soluble compounds before the non-condensable gases were vented. 
   





4.2.3. Experimental procedure 
 The dried and ground energy cane biomass was tested in the batch induction pyrolysis 
system (Figure 4.3) using five different reactor bed temperatures: 500, 550, 600, 650, and 700 
°C. The tests were performed in triplicates. The biomass was tested in 15 g sample sizes, which 
were weighed and inserted into the reaction chamber. Accurate liquid yields were obtained by 
weighing the collection flask before and after the experiments. The flask was attached to the T-
joint which connected the pyrolysis chamber to the ESP and the collection flask. The collection 
flask was suspended in an ice bath and the system was sealed using silicon vacuum grease at the 
joints. Nitrogen gas was then flowed through the sealed system for 20 minutes at a flow rate of 1 
L·min
-1 
to purge the system of oxygen and create the inert environment needed for pyrolysis 
reactions.  
 Once the system had been purged of air the induction heater was powered on. The time 
required to complete the experiment was temperature dependent and was based off of the 
reaction time data previously presented in Chapter 2, Figure 2.3. The reaction time data was 
interpolated to determine the time necessary for the different intermediate pyrolysis 
temperatures. During the pyrolysis process, bio-oil vapors were produced along with non-
condensable gases. These vapors were all removed from the reaction chamber by the nitrogen 
carrier gas and passed into the collection system, where the ESP cause the majority of the liquid 
vapors to be attracted to and collected at the grounded, condensing and falling into the collection 
flask. Non-condensable gases and what few bio-oil vapors remained uncollected passed from the 
ESP and into the ethanol and water bubble filters, where any soluble compounds were removed. 
A gas sample was then collected from the outlet hose and the remainder of the gases was vented. 




collection flask was weighed. The difference between the initial and final weight of the 
collection flask was the yield of the liquid bio-oil fraction, which was placed into glass bottles 
and stored at – 20 °C to reduce degradation and secondary reactions. The char was removed from 
the reaction chamber and weighed, determining the char yield for the pyrolysis experiment, and 
the remaining mass unaccounted for was assumed to be the gas fraction. 
 
Figure 4.3. The process flowchart showing the main components of the pyrolysis system and 
their arrangement during the pyrolysis experiments 
4.2.4. Characterization and analysis 
 
 The products of the pyrolysis of energy cane biomass were analyzed to determine the 
characteristics of the char, liquid, and gas fractions. The solid char samples were analyzed for 
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MA). A 4 mg bio-char sample was weighed out and sealed in tin thimbles, which were then 
loaded into the machine for analysis. 
 The liquid fraction was analyzed using three different analysis techniques: Karl Fischer 
titrations to determine water content, CHN elemental analysis, and GC-MS. The Karl Fischer 
titration was performed in a coulometric titrator (Karl Fischer titrator Metrohn Model 831 KF 
Coulometer, Riverview, FL), which gives the water content of the liquid samples on a percent 
mass basis. CHN analysis was performed on the liquid samples using the same device that was 
used for the CHN analysis of the bio-char. The sample preparation for the liquid samples differed 
from the char preparation, with glass-wool filter paper added to the bottom of the tin sample 
thimbles to absorb the liquid and reduce sample evaporation. The liquid was well agitated and    
4 μL of the bio-oil was placed onto the filter paper; the tin was then folded closed and the mass 
of the liquid was recorded. The sample was then processed in the elemental analyzer and the 
results were recorded.  
 The GC-MS of the liquid samples were performed to quantify the different compound 
groups and their relative occurrence in the liquid samples, using a DCM extraction (5:1 V:V 
ration DCM to bio-oil). The DCM-extracted samples were injected into a Varian Saturn 2200 
GC-MS (Agilent Technologies, Santa Clara, CA). The operating conditions for the GC using a 
DB-5 column with a flow rate of 1.0 mL·min
-1
were; the initial oven temperature was 40 °C 
which was held for 6 minutes, then was heated at a rate of 4 °C·min
-1
 until a temperature of 240 
°C was achieved, and then it was heated again at a rate of 20 °C·min
-1
 until the system was at 
280 °C, for a total for 73 minutes per sample. The resulting GC plots were then analyzed to 
identify compounds and their peak areas were integrated. The areas of different compound 




SRI 8610C GC-MS (SRI Instruments, Torrance, CA) to determine the production of gases 
including: CO, CO2, and CH4. The gases were reported as a percentage of the total gas volume. 
4.2.5 Energy and carbon balances 
 The carbon balance was calculated to determine where the carbon from the original 
biomass ended up in the products. This showed how the products changed as temperature 
changed and gave an idea of the way in which the biomass was broken down, and showed the 
flow of carbon through the system under different operating parameters. This is important as 
carbon content is the primary contributor to heating value.  
 The results of the pyrolysis experiments were analyzed and an energy balance was 
performed to compare the input and output energy values. The energy content of the liquid 
products was determined by the equation presented by Scholze and Meier (2001) which compute 
the higher heating value (HHV) of the liquid product using the CHN analysis and Dulong’s 
formula (Scholze & Meier, 2001): 
HHV(MJ/kg) = [                (   
  
 
)]        
 With the percentages provided on a percent weight basis. The initial energy content of the 
biomass was obtained using the equation provided by Demirbas (2004) (Demirbas & Demirbas, 
2004): 
HHV(MJ/kg) = 0.3856 (C % + H %) – 1.6938. 
 
 The energy balance will help to determine which operating temperatures are most energy 







4.3. Results and Discussion 
4.3.1. Product yields 
 The yields of the three products of pyrolysis, char, liquids, and gases, were studied to 
determine the behavior of the yields as the reaction temperature for the pyrolysis experiments 
changed (Figure 4.4). The yield of the solid char shows a negative trend as the reaction 
temperature increases from 25.5 % at 500 °C to 19.1 % at 700 °C, a net change of 6.4 %. The 
majority of the char mass reduction occurs during the initial 100 °C transition, with a loss of 4.9 
% of the yield between 500 °C and 600 °C and the remaining 1.6 % yield loss occurring between 
600 °C and 700 °C (with only 0.5 % being lost in the final 50 °C temperature increase). These 
results are consistent with results obtained by Akhtar et.al. and Tsai et.al. (Akhtar & Saidina 
Amin, 2012; Tsai et al., 2006), which showed the majority of biomass reduction to bio-char 
occurs in the initial stages of the pyrolysis reaction.  
 
Figure 4.4. The yields of the three main components char, liquids, and gases at the different 
reactor temperatures 
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 The liquid yields from the pyrolysis of energy cane show a slight positive and then 
negative trend as the reaction temperature increase from 500 °C to 700 °C. The maximum yield 
was achieved at 550 °C with a liquid yield of 48.9 %. The liquid yield for 500 °C was very close 
at 47.9 % and with a standard deviation of ± 4.9 %  and showing no statistical difference using a 
t-test (α = 0.05). After 550 °C there is a significant decline in the liquid yields as the yield 
decreases from 48.9 % at 550 °C down to 38.0 % at 700 °C. This significant loss of over 10 % 
liquid yields indicates that the production of bio-oil from energy cane is best performed at the 
lower operating temperatures 500 – 550 °C. Compared to the results obtained for pine sawdust in 
Chapter 3 the yield for bio-oil from energy cane are slightly less, but the gas yields are higher 
than those obtained from the pine sawdust. 
 The gas yields, which were calculated as the weight left unaccounted for after the weight 
of the char and liquids had been tabulated, were observed to follow a positive trend as the 
reaction temperature increased. The highest yield of gases occurred when the temperature of the 
pyrolysis reactor was 700 °C with a yield of 42.9 %. The gas yields increased most between the 
temperatures of 550 °C and 600 °C with a 6.4 % net increase in gas yields. The higher yield of 
gases is to be expected as the reaction temperature increases due to the biomass being more 
thoroughly broken down at the higher reactor temperatures (Açıkalın et al., 2012; Chhiti et al., 
2012; McKendry, 2002). 
4.3.2. Water content of the liquid fraction 
 The water content was determined using Karl-Fischer titration, was reported as a 
percentage of the total liquid yield and is shown in Figure 4.5. It follows a declining trend as the 
reaction temperature increased, in contrast to what was observed for pine sawdust in Chapter 3, 




coupled with the high liquid yields, shows that the highest amount of bio-oil produced when the 
water is removed occurred at 550 °C with a bio-oil yield of 30.3 %. This yield is marginally 
higher than the yields achieved from pine sawdust (30.0 % Chapter 3, Figure 3.9). This result 
indicates that while the liquid yield was higher for pine sawdust, the lower water content of the 
energy cane in the bio-oil allowed for a higher oil yield once the water was removed from the 
liquid fraction. 
 
Figure 4.5. The water yield of the pyrolysis reaction and the remaining bio-oil remaining after 
the water is removed from the liquid fraction 
4.3.3. Characterization of the char 
 The char fraction of the pyrolysis reactions was analyzed for carbon, hydrogen, and 
nitrogen content using an elemental analyzer these results were compared to the analysis of the 
unburned energy cane biomass. The analysis of the CHN content of the char compared to the 
unburned energy cane, shown in Table 4.1, revealed a significant increase in the carbon content 
of the solids. The unpyrolyzed energy cane had a carbon content of 46.7 % of its total mass, after 






















mass coupled with the significant increase in carbon content can be attributed to the removal of 
oxygen (via oxygenated species) from the biomass during the pyrolysis process. The carbon 
content follows a positive trend as the reaction temperature increases, but it shows stabilization 
at the higher temperatures (600 – 700 °C), indicating that the bio-char composition changes little 
above 600 °C. The hydrogen content of the char samples show a declining trend as the reaction 
temperature increases, indicating that more hydrogen is being removed from the biomass in the 
volatiles as the temperature was increased. The concentration of nitrogen in the char samples 
also follows a negative trend as the pyrolysis reactor temperature increases, indicating that, much 
like the hydrogen; the nitrogen is more readily removed from the biomass at higher reaction 
temperatures. The nitrogen is most likely be transformed into amine and amide compounds in the 
liquid or being volatilized into nitrogen based gases such as NOx’s.    
Table 4.1. The percentages of carbon, hydrogen, nitrogen, and assumed oxygen present in the 
unburned biomass and the chars from pyrolysis at each of the experimental temperatures. 
Temperature (°C) % Carbon % Hydrogen % Nitrogen % assumed Oxygen 
Unburned 46.68 6.71 0.89 45.73 
500 71.91 2.95 1.33 23.81 
550 73.99 3.47 0.80 21.74 
600 80.31 2.27 0.79 16.63 
650 81.74 1.75 0.75 15.77 
700 80.76 1.45 0.72 17.07 
 
4.3.4. Characterization of the liquid fraction 
 The elemental analysis of the liquid product determined the content of carbon, hydrogen, 
and nitrogen in the bio-oil fraction, shown in Table 4.2. Using the assumption that the remainder 
of the chemical composition is oxygen, the effect of the reaction temperature on the chemical 
composition of the liquid fraction can be analyzed. The carbon to hydrogen ratio increases from 




2.56:1 at 500°C to 1.96:1 at 700 °C. This change can be attributed to a decrease in the 
oxygenated functional groups in the liquid yields as the reaction temperature increases; 
indicating that while the yield is decreased at higher temperatures (Figure 4.4) the quality and 
heating value of the oil is improved (Meier & Faix, 1999). Oxygen is removed at higher 
temeratures as CO and CO2, as determined by the higher gas yields at elevated temperatures. The 
nitrogen content of the liquids appeared to be unchanged with respect to in the reaction 
temperature in the case pyrolysis of energy cane. This is different, than what was observed in 
Chapter 3, Table 3.2, from lignin and pine sawdust which both demonstrated an increase of 
nitrogen in the liquid fraction as the reaction temperature was increased. 
The GC-MS was performed on the DCM extracted liquid compounds, and the resulting 
GC plots were integrated and the peaks identified by compound groups. The groups used (Table 
4.3) were furans, ketones, aldehydes, alcohols, acids, phenols, polyaromatic hydrocarbons, fatty  
Table 4.2. The CHN analysis of the liquid fraction showing the change in bio-oil chemical 
composition, as a percentage, as a result of changing the reactor temperature 
Temperature (°C) % Carbon % Hydrogen % Nitrogen % assumed Oxygen 
500 62.58 12.34 0.69 24.40 
550 55.12 9.97 0.60 34.31 
600 57.09 11.14 0.62 31.15 
650 48.64 8.59 0.57 42.21 
700 59.44 9.60 0.64 30.31 
 
alcohols, and other. As can be observed, the concentration of furans increased with increasing 
temperature, indicating that as the liquid products were broken down more thoroughly and into 
smaller compounds, indicated by the increase in the smaller furan compounds as compared to 
phenols and organic acids (Olazar et al., 2000). This phenomenon, paired with the decreasing 
oxygen content of the liquids at higher temperatures, would indicate that at higher temperatures 




oxygenated one. Therefore the quality of the oil improved at the higher temperatures, at the 
expense of a decreased yield which may offset the slightly lower oil quality obtained at the lower 
temperatures. 




Compound Type 500 550 600 650 700 
Furans 1.34% 2.33% 9.85% 4.60% 22.49% 
Ketones 12.60% 2.33% 6.88% 9.74% 5.73% 
Aldehydes 2.00% 2.37% 3.20% 5.01% 5.96% 
Alcohols 0.00% 0.62% 0.00% 1.46% 1.35% 
Acids 4.15% 15.01% 3.83% 0.00% 1.45% 
Phenols 71.73% 70.50% 67.60% 71.32% 52.23% 
Other 8.19% 4.59% 8.64% 7.87% 10.79% 
Polyaromatic Hydrocarbons 0.00% 0.66% 0.00% 0.00% 0.00% 
Fatty Alcohols 0.00% 0.00% 0.00% 0.00% 0.00% 
 
4.3.5. Characterization of the gas fraction 
 The GC analysis of the gas samples collected from the pyrolysis system at each operating 
temperature is shown in Figure 4.6 (CO, CO2, and CH4). The remaining gas balance contained 
were higher molecular weight gases and the nitrogen carrier gas, which were not quantified. As 
Figure 4.6 indicates, the CO2 fraction of the gas followed a negative trend and the CO and CH4 
gases followed positive trends as the reaction temperature increased. The CO2 yield declined 
most significantly between the reaction temperatures of 500 °C to 550 °C with a net decrease of 
8.4 %, corresponding to 75.3 % of the total decrease in CO2. The increase in CH4 was expected 
because, as the reaction temperature increased, more of the biomass was converted to gases. Also 
at higher reaction temperatures the biomass was broken down more thoroughly into smaller 
molecules such as CH4 and CO. The decline in CO2 paired with the increase in CO and CH4 




was converted into gaseous products; as more carbon was removed as gases. Due to the energy 
value of CO and CH4, the increased yields of these gases, along with a decrease in the CO2 yield, 
indicate an increased energy value of the gases produced. The slight decrease in gas yields that is 
observed at 700 °C, may be attributed to an increase in C2 – C5 gases that were not quantified in 
this study.  
 
Figure 4.6. The change in the composition of the gas products due to the changes in reaction 
temperature 
4.3.6 Carbon and energy balances 
 A carbon balance was performed on the product of the pyrolysis system on a weight basis 
(Table 4.4), to determine the end point of the original carbon found in the biomass as it was 
pyrolyzed and collected. Carbon content in the gases increases with temperature, the same trend 
was observed for the gas yields. The liquid and char carbon contents decrease, as the temperature 
increased, as expected indicating that the char is more thoroughly reduced as shown previously 

























 The energy balance was performed on the products to determine the optimum operating 
conditions in terms of energy conservation (Table 4.5). While the liquid yields may be 
maximized at 550 °C, the gas yields also adds value as a fuel and the char remains combustible 
which may change the economics of the process. The results from the energy balance indicated 
that the optimum pyrolysis temperature is 500 °C due to the high energy content of the char. 
However, as bio-char is often used for soil amendments.(Duku et al., 2011; Ghosh et al., 2012; 
Mao et al., 2012), and as such is not always counted as an energy source. With the char value 
removed from the energy balance calculations, it is shown that the new optimum operating 
temperature would be still be 500 °C due to the high energy content of the liquid and moderately 
high yields. The Net Gain, which assumes that the biomass costs no energy to produce, shows 
that the optimum conversion efficiency of biomass energy occurred at 500 °C. The energy 
content of the gas could be better determined if more gases were quantified.  
Table 4.4. The carbon balance of the system showing the end location of the carbon from the 
biomass as it was pyrolyzed 
  Input Carbon (g) Output Carbon (g) 
  Biomass Char Liquid Gases 
500 
 
2.75 2.59 1.67 
550  2.58 2.50 1.92 
600 7.00 2.49 2.42 2.10 
650  2.41 2.02 2.57 
700  2.31 2.06 2.63 
 
4.4. Conclusion 
 The pyrolysis of energy cane biomass in an induction heater proved to be very successful 
in terms of both quantity and quality of the yields. The liquid yields while slightly lower than 





Table 4.5. The energy balance of the induction pyrolysis of energy cane biomass, Biomass energy column shows the energy content of 
the biomass, in the Energy Ratio section the Biomass shows the ratio of biomass energy to the products, System additionally includes 
the energy input for the induction heater, and the Net Gain shows the output energy over the induction heater power 
  Energy Inputs (kJ) Energy of the outputs (kJ) Energy Ratio 
              Outputs/Inputs 
Temperature °C 
Biomass energy 
content (25 g biomass) 
Induction 





38.00 143.00 1.21 104.00 248.00 0.88 0.77 6.53 
550 42.90 122.00 1.05 98.20 221.00 0.78 0.68 5.15 
600 44.30 126.00 1.70 93.30 221.00 0.78 0.67 4.99 
650 45.60 88.10 2.27 89.90 180.00 0.64 0.55 3.95 





content in the liquid fraction giving a high yield of oil which can be converted into fuel. The 
liquid yields had moderate carbon content, which was slightly less than that obtained from pine 
sawdust (Table 3.2), indicating a slightly lower heating value (Scholze & Meier, 2001). The low 
amount of char yielded shows that the biomass thoroughly breaks down under the investigated 
pyrolysis conditions, with little unconverted biomass loss as a result. The positive trend observed 
in the gas yields, particularly the yield of CH4 and CO, which can be combusted for energy, 
show that the gas product obtained from the pyrolysis of energy cane has the potential to be used 
as a fuel source. For example, an integrated gas power generator could be powered with the non-
condensible gases, and the electricy could be used to power the reactor. The combustion of the 
gas product could also be used to partially heat the system and reduce the overall energy 
consumption of the process. The energy balance indicated that the higher energy content of the 
liquids at 500 °C, make it the optimum temperature to pyrolyze the energy cane biomass.  
The energy content of the gas products was not complete as data was missing for the longer 
chain hydrocarbon gases, which were not quantified. Therefore, despite slightly lower yields and 
a lower quality bio-oil from the pyrolysis of energy cane; the potential for coproduction of both 
ethanol, from the fermentation of sugars, and bio-oil, from the pyrolysis of the biomass residues, 
create the possibility for and economical and environmentally friendly process. 
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BIO-OIL PRODUCTION FROM INVASIVE CHINESE TALLOW TREE BIOMASS IN 
AN INDUCTIVELY HEATD REACTOR 
 
5.1. Introduction 
 The growing demand for fuel and the growing concern over the impacts of consuming 
fossil fuels has spurned the interest in the development and use of renewable fuel sources 
(Dhillon & von Wuehlisch, 2013). Both for the production of electricity (from wind, 
hydroelectric, solar, and geothermal resources) and transportation fuels (ethanol, biodiesel, and 
bio-oil). Biofuels used in transportation are derived from biomass, and have the advantage of not 
adding net greenhouse gases to the atmosphere, as these gases, specifically CO2, is recirculated 
via biomass (McKendry, 2002a). Fuels can be produced from biomass using several different 
methods hydrolysis and fermentation, transesterfication, and thermochemical conversion, but 
thermochemical conversion is the only method that readily allows for the production of liquids 
from lignocellulosic biomass (Meier & Faix, 1999).Thermochemically, biomass can be 
converted into energy via: combustion, gasification, liquefaction, and pyrolysis (McKendry, 
2002b), depending on the specific reaction conditions, temperature, atmosphere, pressure, etc.; 
the common thing shared among them is the use of heat energy to decompose biomass. Of these 
thermochemical conversion methods only liquefaction and pyrolysis are capable of directly 
yielding liquid products capable of being converted into fuel. Liquefaction uses an oxygen free 
environment, moderate temperatures between 250°C and 550 °C, and high pressures of 5 – 25 
MPa to produce a liquid product. Pyrolysis also produces liquid products, but the main difference 
between the two processes is that pyrolysis can operate at atmospheric pressure (McKendry, 




 There are a variety of pyrolysis reactor designs that can be used for the production of 
biofuels, each with its own advantages and disadvantages, but they all share several key features 
that lead to increased liquid yields. The most important traits are: rapid heating rates, rapid 
transfer of heat to the biomass, precise control of the reactor temperature, short residence times 
for the pyrolysis vapors, and the rapid cooling of these vapors (Bridgwater et al., 1999; Tsai et 
al., 2006).  
 For this study a pyrolysis system for bio-oil production was designed using an 
inductively heated reactor. Induction heating is a contactless heating method that uses an AC 
current passed through an induction coil to generate an alternating magnetic field; this magnetic 
field induces eddy currents within the metallic pyrolysis chamber. These currents, along with 
hysteresis are generating heat near instantaneously. Induction heating has several features that 
make its use in pyrolysis appealing: rapid heating rates, precise temperature control, and a high 
conversion of energy into heat (Lucia et al., 2014). Induction heating offers other advantages, 
such as requiring less carrier gas than many reactor designs, creating a uniform temperature 
profile which prevents hot and cold spots from causing uneven pyrolysis temperatures, and 
directly heating the reaction chamber eliminating the need for a heat transfer material. These 
advantages, as well as the limited amount of research reported in literature on the use of 
induction heated pyrolysis reactors were the main driving forces behind this study. 
 The type of biomass is also crucial in the reactors performance and the products, as 
different biomasses generate different yields and also have different costs. For this study, 
Chinese tallow tree (Triadica sebrifera) wood was chosen to be tested, as it is considered an 
invasive species in much of the Southeastern United States and it is targeted for eradication. The 




foliage (Jubinsky & Anderson, 1996; Urbatsch, 2000). Due to this plant’s ability to adapt a 
variety of environments and its rapid growth and reproduction, it has become widespread in 
many parts of the Southern United States (Jubinsky & Anderson, 1996; Urbatsch, 2000).  This 
species is one of nature’s most prolific producers of hydrocarbons due to the waxy nature of its 
seeds as well as their high oil content (Urbatsch, 2000). Due to its high oil and wax content this 
species has been considered for use in oils, varnishes, paints, and biofuels (Jubinsky & 
Anderson, 1996; Picou & Boldor, 2012). This species has been proposed as a potential dedicated 
energy crop for the production of biodiesel due to its high oil seeds (Boldor et al., 2010; Picou & 
Boldor, 2012). (Terigar et al., 2010). However, little attention has been paid to the wood of the 
tree as a biofuel feedstock through pyrolysis. The utilization as a feedstock for pyrolysis would 
all for an abundant supply as it is estimated that several million hectares have abundant Chinese 
tallow tree populations. Its removal is expected to have significant ecosystem benefits. This 
study was interested in discovering the potential of this tree as a pyrolysis feed stock, and thus 
making it capable of proving multiple sources of renewable energy. 
5.2. Materials and Methods 
5.2.1. Materials 
The Chinese tallow tree biomass feed stock harvested in October 2013 from local trees, 
as harvesting residue after the collection of of the tallow tree seeds. The woody biomass portion 
was then separated by hand from the seed and leaf material leaving a mixed assortment of twigs 
and small branches. The biomass was then dried overnight in a 100 °C oven to remove the 
moisture from the material. The twigs and branches were then broken by hand into pieces that 
were > 3 cm in length, and were further ground to a fine particle size of > 1 mm in size (Figure 




Moisture Analyzer (Mettler Toledo, Switzerland).The dried biomass was then stored in sealed 
plastic bags and stored in a – 20 °C freezer to prevent moisture absorption until pyrolysis 
experiments were carried out.  
 
Figure 5.1. The freshly harvest Chinese tallow tree twigs (left) and the dried and ground biomass 
(right) 
5.2.2. Equipment 
 For these pyrolysis experiments, an ROD Low – Frequency induction heater (RDO 
Induction L.L.C., Washington, NJ) was used to heat the pyrolysis reactor (Figure 5.2). The 
temperature of the reactor, was controlled using an Omega infrared PID controller (Omega iR2C, 
Omega Engineering, Inc., Stamford, CT) which used a 4 -20 mA control signal to adjust the 
power output of the induction heater. Nitrogen gas was passed through the reactor to act as an 
inert carrier gas not only to purge the system of oxygen, but also to facilitate the removal of the 









Figure 5.2. Pyrolysis reactor inside of the induction coils (top) and an infrared image of the 
induction reactor during an experiment (bottom) 
 The vapors produced from by the pyrolysis reactor were condensed and then collected for 
measurement and analysis. Using a two stage condensation and collection system, the first stage 
was  a single-stage ESP (Figure 5.3) custom built by Technical Glass Products, Inc. (Painesville, 
OH) and a 0 – 20 kV power supply (Gamma High Voltage Research, Ormond Beach, FL). The 
ESP’s dimensions are shown in Figure 3.3. The ESP was fitted with a cylindrical stainless steel 
tube 152 mm in length with an internal diameter of 51 mm attached to a ground wire, which was 
then fixed in the upper end of the ESP. A stainless steel wire was passed through the fitted cap 
and attached to the positive lead from the power supply. The ESP operate by using a high voltage 
anode to create a corona which positively charges the passing pyrolysis vapors, and causes them 
to collect on the ground cylinder within the ESP (Bedmutha et al., 2009). The vapor collects on 
the cathode plate, condenses, and fall into the second stage of the system, a cooled collection 













it to be attached to the ESP and prevent leaks from occurring. The flask was suspended in an ice 
bath; preventing the more volatile fraction of pyrolysis liquids from evaporating out of the 
collection system. The non-condensable gases escaping from the ESP were then passed through 
an ethanol and a second water filter to remove any soluble compounds before being vented. 
 
Figure 5.3. The ESP glass and the round bottom collection flask with the high voltage anode and 
ground plate (left) and the ESP with the T-joint collecting oil during an experimental run (right) 
5.2.3. Experimental procedure 
 Prior to the experiment, 30 g of the prepared Chinese tallow tree biomass was weighed 
and placed into the center of the reaction tube. The tube was loaded at the axial center of the 
induction coil and attached to the nitrogen gas inlet and the T-joint, which connected to the ESP 
and the collection flask. The collection flask was weighed before the experiments so that an 
accurate liquid yield could be recorded. The collection flask was placed into the ice bath and the 




through the sealed system for 20 minutes at a flow rate of 1 L·min
-1 
to purge the system of 
oxygen and create an inert environment needed for pyrolysis reactions.  
 After the gas purge was completed the induction heater was powered on and the 
experiment was conducted at the desired temperature (500, 550, 600, 650, and 700 °C). The time 
used for each temperature was based upon the reaction time data previously shown in Chapter 2, 
Figure 2.3, interpolating the times for 550 °C and 650 °C. During the pyrolysis process, nitrogen 
gas carried the produced gases, which consisted of bio-oil vapors and non-condensable gases, out 
of the pyrolysis reactor and into the condensation and collection system. Most of the liquid 
vapors were condensed in the ESP, operating at 15 kV, and then fell into the cooled collection 
flask. Non-condensable gases and some uncondensed bio-oil vapors exited the ESP and passed 
through ethanol and water traps, which removed any soluble compounds. Gas samples were 
collected from the outlet hose and the remainder of the gases was vented. Upon completion the 
pyrolysis tube was allowed to cool and the collection flask was weighed to determine the liquid 
yields. The liquid bio-oil product was then placed into glass bottles and stored at – 20 °C to 
reduce the occurrence of undesired secondary reactions. The solid bio-char was removed from 
the reaction tube and weighed to determine the bio-char yield for the pyrolysis experiment, and 
the remaining mas unaccounted for was assumed to be the non-condensable gas fraction. This 
experimental procedure is simplified in the flowchart shown in Figure 5.4. 
5.2.4. Characterization and analysis 
 The characterization and analysis of the products is the same as used in Chapter 4, section 
4.2.4. The char, liquid, and gas pyrolysis products from Chinese tallow tree wood waste were 
analyzed to determine their yields and properties. The char samples were tested in an elemental 





Figure 5.4. The flowchart of the pyrolysis system and with the operating conditions next to the 
relevant component 
hydrogen, and nitrogen content. For this analysis 4 mg of the char sample were weighed out and 
sealing in tin thimbles.  
 The liquid fraction was analyzed for water content via Karl Fischer titration and 
composition using GC-MS and elemental analysis. The Karl Fischer titration was performed in a 
coulometric titrator (Metrohn Model 831 KF Coulometer, Riverview, FL), to determine the 
water content of the liquid samples as a percent of the liquid mass.  
 The composition of the liquid product was determined using elemental analysis and GC-
MS. The CHN analysis was performed on the liquid samples using the equipment was used for 
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prepared by placing 4 µL of liquid sample into a tin sample container which had previously been 
filled with glass wool filter paper. The filter paper absorbed the liquid and helped reduce 
evaporative losses. The sample’s weight was then recorded and the analysis was performed. The 
results are presented as a percentage of the total liquid mass; however water was excluded from 
the weight during calculations. 
 The GC-MS of the liquid samples was performed to identify chemicals found in the bio-
oil and to quantify the different compound groups and their relative occurrence in the liquid 
samples. An extraction using a 5:1 DCM to bio-oil ratio was performed to extract the organic 
compounds present in the liquid sample which are soluble in DCM. The extract was then injected 
into a Varian Saturn 2200 GC-MS (Agilent Technologies, Santa Clara, CA). The operating 
parameters for the ion trap GC using a DB-5 chromatography column were: a gas flow rate of 
1.0 mL·min
-1
, the initial oven temperature was 40 °C which was held for 6 minutes, then was 
heated at a rate of 4 °C·min
-1
 until a temperature of 240 °C was achieved, and then it was heated 
again at a rate of 20 °C·min
-1
 until the system was at 280 °C, for a total for 73 minutes per 
sample. The peak areas were integrated and the areas of the identified compound groups were 
compared to determine their relative presence in the liquid product (Olazar et al., 2000).  
 A sample was taken of the gas fraction using a syringe, while the pyrolysis system was 
operating. The gas samples were analyzed with a SRI 8610C GC-MS (SRI Instruments, 
Torrance, CA) to determine the quantity of CO, CO2, and CH4 produced in the gas product. 
These gases were reported as a percentage of the total gas volume, with the balance consisting of 






5.2.5 Carbon and energy balances 
 A carbon balance was performed on the system to determine the end location in the 
products of the carbon that originated in the biomass feedstock. The balance will demonstrate the 
effect that temperature has on the end location of the carbon and hpw the biomass is broken 
down under different pyrolysis temperatures. The carbon balance is an important tool in 
determined the heating value as carbon is the primary contributor to heating values of organic 
compounds.  
The pyrolysis experiments were analyzed to generate an energy balance in order to 
compare the input and output energy values. The input energy from the induction heater was 
measured based upon the percent power level of the 5 kW induction heater and the length of time 
that the system was operated. The energy content of the liquid products was determined by the 
equation presented by Scholze and Meier (2001) which computes the higher heating value 
(HHV) of the liquid product using the CHN analysis results and Dulong’s formula which is 
based on the percent of carbon, hydrogen, and oxygen on a weight basis (Scholze & Meier, 
2001): 
HHV(kJ/kg) = [                (   
  
 
)]        
 The energy content of the biomass and bio-char were approximated using the IGT 
equation (1978) (Channiwala & Parikh, 2002): 
HHV(MJ/kg) = 0.341(C) + 1.323(H) + 0.0685 - 0.153(A) - 0.1194(O+N) 
The values are a percent weight basis of the dry product. The A is ash which was 
assumed to be negligible. The energy balance will help to determine which operating 





5.3. Results and Discussion 
5.3.1. Product yields 
 The yields of the three products, char, liquids, and gases, changed as a function of 
temperature (Figure 5.5). As expected, the char yields followed a negative trend as the pyrolysis 
temperature was increased, with a maximum char yield of 33.7 % at 500°C similar to what is 
reported in literature from other feedstock and pyrolysis systems (Açıkalın et al., 2012; Mullen & 
Boateng, 2008; Tsai et al., 2006). This trend was also observed for an inductively heated system 
reported previously using pine sawdust, cellulose, lignin (Chapter 3), and energy cane (Chapter 
4). The greatest net change in char mass was 3.3 % as the temperature increased from 650 °C to 
700 °C; it occurred at a higher temperature than it did for both pine sawdust (Figure 3.6) and 
energy cane bagasse (Figure 4.4). The higher temperature required for a significant change in 
bio-char is an indicator of the higher thermal stability of this biomass and its resistance to 
thermal decomposition compared to either pine sawdust or energy cane bagasse. Another 
indicator of this stability is the higher bio-char yields as compared to the previously studied 
biomasses (pine sawdust, cellulose, and energy cane bagasse), as shown by Wang et al., 2008, 
but in a different a pyrolysis system (Wang et al., 2008).  
 The liquid yields initially follow and increasing trend (y = 0.0133x + 0.341) and then 
decreasing trend (y = - 0.0478x + 0.4283) as the reaction temperature increased, with the 
maximum yields (38.1 %) achieved at the middle temperature tested, 600 °C (compared to the 
pine sawdust at 500 °C in Chapter 3 and the energy cane bagasse at 550 °C in Chapter 4). This is 
again an indicator of the higher thermal stability of the biomass, and also gives the operating 




 The gas yield was determined by the difference between initial biomass weight and the 
weight of the char and liquid products. As expected the gas yields show an overall increasing 
trend as the reactor temperature increases. The yield of the gas product showed no significant 
change between the operating temperatures of 500 °C to 600 °C, followed by a significant net 
increase of 14.1 % in the gas yields between 600 °C and 700 °C. This effect is also indicative of 
the higher resistance to thermal decomposition.  
 
Figure 5.5. The yields of char, liquids, and gases from the pyrolysis of Chinese tallow tree wood 
and the effects that reaction temperature has on the yields 
5.3.2. Water content of the liquid fraction 
 The results of water content in bio-oil determined using Karl Fischer titrations shown in 
Figure 5.6. The water content of a liquid fuel has a significant impact on the heating value of the 
product, and it is therefore an important indicator of the quality of the fuel (Bridgwater et al., 
y = -0.0154x + 0.3586 






















y = 0.0133x + 0.3411 





1999). In this study, the water content of the liquids was shown to follow a slightly positive 
trend, leading to a decreased oil yield at the higher reaction temperatures. It can be concluded 
that for the pyrolysis of Chinese tallow tree wood the lower reaction temperatures, in the reange 
tested for this study, yielded the highest quality liquid. However, with the highest liquid yields 
were achieved at higher operating temperatures, this means reaction temperature chosen for the 
process will need to be determined based upon a cost benefit analysis which includes the 
removal of water from the liquid product. 
 
Figure 5.6. The Karl Fischer titration results showing the amount of water and oil as a percentage 
of the total mass 
5.3.3. Characterization of the char 
 The solid product was analyzed using elemental analysis to determine the CHN content 
of the bio-char; these values were compared to the CHN of the unburned biomass (Table 5.1) to 
develop an understanding of how the pyrolysis reaction temperature affected the chemical 
composition of the char. The CHN analysis shows a significant increase in the carbon content as 
the biomass was pyrolyzed, with an increase in carbon content from 48.7 % in the unburned 






















carbon content as the biomass is broken down is an indication of the removal of oxygen and 
hydrogen, which both show declining trends as the reaction temperature was increased. The 
nitrogen concentration reduced slowly from 500 to 550 and 600 °C but remained unchanged at 
the higher reaction temperatures; this is an indication that the nitrogen is removed at a steady rate 
from Chinese tallow tree wood during pyrolysis, independent of the reaction temperature at 
higher temperatures.  
Table 5.1. The percentages of carbon, hydrogen, nitrogen, and oxygen in unburned biomass and 
bio-char as a function of temperature 
Temperature (°C) % Carbon % Hydrogen % Nitrogen % assumed Oxygen 
Unburned 48.68 6.17 1.46 43.69 
500 70.08 2.72 2.06 25.14 
550 72.61 2.33 1.68 23.39 
600 70.968 1.92 1.24 25.87 
650 73.76 1.52 1.27 23.45 
700 72.52 1.31 1.29 24.88 
 
5.3.4. Characterization of the liquid fraction 
 The composition of the liquid yield of the pyrolysis of the Chinese tallow wood was 
analyzed in order to understand the effect of reactor temperature on the chemical composition. 
The liquid was analyzed using an elemental analyzer to determine the CHN composition of the 
bio-oil (Table 5.2). The results indicate that the nitrogen and hydrogen content of the liquid 
increased as the reaction temperature increased. The carbon content, which coupled with the 
oxygen and hydrogen content, can be used to determine the heating value of the liquid fraction 
(Scholze & Meier, 2001). With the assumption that the oxygen content makes up the remainder 
of the liquid composition, the heating value is highest in the liquid obtained at 700 °C. However, 
the low liquid yields, and high water content at this temperature would indicate that even though 




Table 5.2. The percentages of carbon, hydrogen, nitrogen, and oxygen of the liquid fraction as a 
function of reactor temperature 
Temperature (°C) % Carbon % Hydrogen % Nitrogen % assumed Oxygen 
500 48.90 10.42 1.34 39.34 
550 32.69 7.40 1.06 58.85 
600 35.94 8.26 1.36 54.44 
650 32.56 9.26 2.01 56.17 
700 52.03 13.18 3.67 31.11 
 
 The GC-MS data of from the pyrolysis of the Chinese tallow wood was analyzed and the 
integration of identified peaks in the GC plots (Figure 5.7) yielded quantitative data according to 
their chemical structure (Table 5.3). From this table it can be observed that unlike pine sawdust 
(Chapter 3) and energy cane bagasse (Chapter 4) at the same temperatures there is a large 
percentage of fatty alcohols from the pyrolysis of Chinese tallow wood. These compounds are 
wax like in nature, solids at room temperature, but soluble in the DCM solvent used for GC-MS. 
The presence of these compounds can be explained by two factors: 1. residual waxes and lipids 
from the tallow seeds may have been present and were pyrolyzed along with the wood, 2. the 
biomass itself may contain some wax like structures. The presence of these compounds was not 
identified in the pine sawdust, cellulose, lignin (Chapter 3), or energy cane bagasse (Chapter 4). 
The Chinese tallow tree wood also generated less phenolic compounds than the biomasses from 
Chapter 3 and Chapter 4. The GC analysis also indicates that all of the compounds identified are 
oxygenated hydrocarbons; which coincide with the high oxygen content from the CHN analysis. 
The presence of oxygen significantly reduces the heating value of the oil and therefore the oil 
obtained may need to be upgraded via deoxygenation using a catalyst in order to improve its 








Figure 5.7. The GCMS plots indication the primary compound group location at each reaction 
temperature 
Table 5.3. The relative occurrence of each class of compounds 
 
Temperature( °C) 
Compound Type 500 550 600 650 700 
Furans 5.64% 4.95% 10.54% 4.11% 2.33% 
Ketones 3.08% 0.00% 15.96% 13.32% 1.07% 
Aldehydes 6.27% 1.91% 3.14% 2.01% 0.00% 
Alcohols 10.36% 0.00% 11.18% 10.08% 2.64% 
Acids 4.07% 0.00% 8.75% 8.01% 0.00% 
Phenols 59.51% 79.47% 38.18% 51.10% 79.60% 
Other 6.15% 8.96% 0.00% 0.00% 0.00% 
Polyaromatic Hydrocarbons 0.00% 0.00% 0.00% 0.00% 3.75% 




5.3.5. Characterization of the gas fraction 
 During the pyrolysis of Chinese tallow wood all three of the tested gases (CO, CO2, and 
CH4) show an increase in concentration as the reaction temperature was increased (Figure 5.8). 
As expected this is a result of the biomass being more thoroughly broken down at the higher 
temperatures producing smaller molecules as a result, this is also supported by the increase in gas 
yields and the decrease in char yields as the temperature increased. Similar results were obtained 
from pine sawdust (Chapter 3) and energy cane bagasse (Chapter 4). The increase in CO and 
CH4 are important, as these gases are combustible and add to the energy value of the gas yield.  
 
Figure 5.8. The change in the yields of CO, CO2, and CH4 in the gas fraction 
5.3.6 Carbon and energy balances 
 The carbon balance performed on the system (Table 5.4) demonstrates a decrease of 
carbon in the bio-char and the liquid products. The distribution of carbon in the bio-char 
indicated that at the higher reaction temperatures more of the carbon from the biomass removed 
























biomass being more thoroughly broken down at higher temperatures into smaller more volatile 
compounds with the highest temperature containing the most carbon gases. 
Table 5.4. The carbon balance performed on the Chinese tallow wood showing the change in 
carbon distribution as temperature changed 
  Input (g) Output (g) 
  Biomass Char Liquid Gases 
500 
 
7.10 2.93 4.58 
550 
 
7.17 2.11 5.32 
600 14.6036 6.78 2.17 5.66 
650 
 
6.75 1.85 6.00 
700 
 
5.93 1.63 7.05 
 
 The energy balance was performed on the system to determine the optimum operating 
conditions in terms of energy returned per energy invested. In the results (Table 5.5) the Energy 
Ratio section is a cumulating of the energy efficiencies looking at different aspects of the system 
where: Biomass shows the energy conservation of the products as compared to the biomass 
energy content, System is the sum of the products energy over the sum of the system inputs, and 
Net Gain is the sum of the products energy values over the input energy from the induction 
heater. The data in Table 5.5 shows that   500 °C was the most energy efficient reaction 
temperature due to the high energy content of the bio-char product. However, char is often used 
for soil amendments (Duku et al., 2011; Ghosh et al., 2012; Mao et al., 2012), and with the char 
value removed from the energy balance calculations it is shown that the new optimum operating 
temperature would be still be 500 °C due to the high liquid energy content and moderately high 








Table 5.5. The energy balance from the pyrolysis of the Chinese tallow tree showing the energy going into the system and the energy 
of the products 
  Energy Inputs (kJ) Energy of the outputs (kJ) Energy Ratio 











38.00 153.91 0.76 246.22 400.92 0.71 0.64 10.55 
550 42.88 89.41 1.39 245.96 336.79 0.59 7.85 7.86 
600 44.25 100.31 1.15 224.93 326.40 0.58 7.38 7.38 
650 45.63 93.79 1.99 222.19 318.00 0.57 6.97 6.97 






 Chinese tallow trees are an invasive species whose high yielding oil seeds make it an 
interest as a biofuel source. This study was aimed at determining whether the wood from this 
plant would make a potential feedstock for biofuel production through pyrolysis. The results 
from the experiments conducted indicate that the tallow tree wood is thermally stable and 
requires a higher reaction temperature than most biomasses to be effectively broken down. The 
high water content in the oil was detrimental to the heating value, but this is often the case from 
induction pyrolysis (Lee et al., 2010; Tsai et al., 2006). The exclusive presence of oxygenated 
compounds within the liquid reduced the energy density of the liquids, but this could rectified 
using a catalyst bed (Olazar et al., 2000). The gas yields show the expected trend that as the 
reaction temperature was increased the gases most importantly CH4 also increased, this indicates 
that Chinese tallow trees gas products could be used to generate heat or energy. The energy 
balance shows that the optimum operating temperature for energy efficiency was 500 °C, but as 
gas analysis did not include larger gas compounds it is possible the higher energy costs for 
induction power and loss of liquids be overcome with higher gas energy content.  In conclusion 
the wood from Chinese tallow trees produces lower quality results than other biomass, but the 
production of long chain fatty alcohols gives it the potential as a chemical feedstock source. The 
pyrolysis of Chinese tallow tree is practical for promoting the removal of an unwanted species, 
but as a dedicated energy crop there are other biomasses that offer better results (Mohan et al., 
2006; Tsai et al., 2006).  
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SUMMARY AND FUTURE WORK 
 
 The goal of this research project was to design, build, and test an inductively heated 
pyrolysis reactor for the purpose of producing liquid bio-oil. The initial design of the pyrolysis 
reactor was based upon existing designs of other fixed bed reactors for pyrolysis, and induction 
heated reactors built for other purposes. The design and building process involved multiple 
iterations, including system design changes, as the different controller settings, collection setups, 
and reactor assemblies with the goal of maximizing the liquid yields from an initial model 
biomass. 
 The pine sawdust was chosen as a model biomass for the initial system design, due to its 
availability, and the numerous journal reports already published on its use as a pyrolysis 
feedstock. An initial study was conducted in order to determine reaction times within the 
pyrolysis reactor necessary to completely reduce the biomass (no change observed in the bio-
char mass), and also to test how different reactor temperatures affect the liquid yields from 400 – 
800 °C. It was determined that the temperature range could be narrowed down to 500 – 700 °C 
without discarding valuable reaction temperatures. This allowed for a smaller temperature 
increment to be utilized (from 100 °C to 50 °C), improving the resolution of the experimental 
results. The samples were also analyzed for chemical composition and moisture content, which 
indicated that the chemical composition was comparable to what is commonly reported in 
literature. After the initial experiments were performed, the performance of the reactor and the 
collection system were reevaluated. It was determined that a significant fraction of the pyrolysis 




improvements by using an electrostatic precipitator (ESP) which prevented the loss of pyrolysis 
vapors and significantly increased the liquid yields. 
 The optimized reactor system was retested during experiments with pine sawdust as a 
feedstock. The results showed a significant improvement in the yields compared to the previous 
design, with the losses of pyrolysis vapors nearly eliminated. With a new functional induction 
pyrolysis system, the goal shifted from the development of the system to the testing and 
understanding of the pyrolysis reactions within the system using different biomasses. The first 
study was designed to test two of the main components of the pine sawdust, cellulose and lignin, 
in the reactor, in order to get an understanding of how the biomass’s structural compounds 
compared to using the integral (whole) biomass. The products from the pyrolysis followed 
similar trends with char yields decreasing as the experimental temperature increased, and gas 
yields increasing with the higher reaction temperatures. Liquid yields varied among the different 
biomasses with pine sawdust obtaining the highest liquid yields. It was determined that the 
cellulose fraction of the biomass was the primary contributor to the bio-oil yields, and the lignin 
fraction is the primary contributor of bio-char yields. However, despite the low liquid yields 
obtained from lignin the liquids produced consisted almost exclusively of phenolic compounds. 
Upon completion of this study, interest in the behavior of other biomasses aside from wood 
derived biomass led to the testing of energy cane biomass under the same operating conditions, 
and using the same analysis techniques to allow for the direct comparison of materials. The 
energy cane behaved similarly to the pine sawdust with a decreasing bio-char yields as the 
temperature increased and increasing gas yields at the higher temperatures. The liquid yields for 
energy cane were less than those obtained for pine sawdust, but with the water excluded from the 




temperatures. The final biomass was tested, Chinese tallow tree wood, due to interest and 
previous research of the lab group on the various properties and uses of the plants seeds. Chinese 
tallow trees are an environmental concern and its eradication provides ready low-cost of 
lignocellulose biomass. This biomass did not perform as expected of a woody biomass based 
upon previous experiences. The product yields followed the same trends that were observed for 
the other biomasses. However, the liquid yields were significantly less than the yields for pine 
sawdust and energy cane bagasse, and the bio-char yields were higher than the other biomasses. 
The bio-oil did contain a high amount of fatty alcohols, which were not produced from the other 
biomasses, which may be useful for the production of fuels and chemicals. 
Overall the development of the induction pyrolysis device was a success, the system was 
able to operate for extended periods with no perceivable problems, and the system was able to 
generate consistent and reliable data due to the stability of the process. The energy balances, 
particularly the net energy of the pyrolysis processes, indicate that the system was able to operate 
in an energy efficient manner, consuming less energy than what was contained in its products.  
 The results from this project and the experience gained will assist in developing systems 
and processes for production of biofuels from renewable resources. The major limitations facing 
pyrolysis are the nature of the liquid products. With high water content in the liquid yield and 
highly oxygenated compounds of the bio-oil an upgrading and further processing of the liquid 
must be performed before they can be used as a replacement fuel. This places a financial burden 
on the industrialization of the pyrolysis process. 
 Future work that would significantly improve the induction pyrolysis project would be to 
convert the current system into a continuous flow system allowing higher volumes of biomass to 




rate data maximize liquid yields. Also the study of particle sizes and their effect on the product 
yields would be appropriate as it would reflect the heat transfer efficiency from the reactor to the 
biomass, and give practical information on how particle size affects the pyrolysis yields. Particle 
size becomes a cost benefit issue with smaller particle size giving higher liquid yields at the 
additional energy cost of finer milling. The ultimate goal of this project would be to eventually 
construct a pilot scale induction pyrolysis reactor which would allow for the production of liquid 







Statistical analysis of pyrolysis yield data. 
ANOVA for bio-oil yields for all the biomasses  
SUMMARY 
     Groups Count Sum Average Variance 
  PSD 15 8.0399 0.535993 0.000304 
  CTT 15 5.161333 0.344089 0.001647 
  CEL 15 5.834667 0.388978 0.001936 
  LIG 15 2.887333 0.192489 0.000218 
  EC 15 6.754821 0.450321 0.002055 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 0.986722 4 0.24668 200.2162 1.59E-37 2.502656 
Within Groups 0.086245 70 0.001232 
   
       Total 1.072967 74         
       ANOVA for char yields for all the biomasses  
SUMMARY 
     Groups Count Sum Average Variance 
  PSD 15 3.078 0.2052 0.000277 
  CTT 15 4.686333 0.312422 0.000855 
  CEL 15 3.259667 0.217311 0.000235 
  LIG 15 8.246 0.549733 0.000488 
  EC 15 3.362253 0.22415 0.001495 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 1.261248 4 0.315312 470.5514 
8.93E-
50 2.502656 
Within Groups 0.046906 70 0.00067 
   





ANOVA for gas yields for all the biomasses  
SUMMARY 
      Groups Count Sum Average Variance 
  PSD 15 3.8821 0.258806667 0.000659 
  CTT 15 5.152333333 0.343488889 0.003428 
  CEL 15 5.905666667 0.393711111 0.002588 
  LIG 15 3.866666667 0.257777778 0.00125 
  EC 15 5.038426367 0.335895091 0.0052 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.2074 4 0.05187 19.760 6.37E-11 2.5026 
Within 
Groups 0.1837 70 0.002625 
   
       Total 0.391 74         
 
ANOVA for pine sawdust bio-oil yields at different operating conditions (400 – 800 °C) 
SUMMARY 
     Groups Count Sum Average Variance 
  400 3 29.34 9.78 0.4809 
  500 3 22.06 7.353333 0.350633 
  600 3 19.19 6.396667 0.034233 
  700 3 18.29 6.096667 0.973033 
  800 3 15.72 5.24 0.0228 
  
       
       ANOVA 
      Source of Variation SS df MS F P-value F crit 
Between Groups 36.38193 4 9.095483 24.42921 3.82E-05 3.47805 
Within Groups 3.7232 10 0.37232 
   







ANOVA for pine sawdust char yields at different operating conditions (400 – 800 °C) 
SUMMARY 
      Groups Count Sum Average Variance 
  400 3 20.66 6.886667 0.185733333 
  500 3 27.37 9.123333 0.291633333 
  600 3 26.96 8.986667 0.474433333 
  700 3 27.05 9.016667 0.229733333 
  800 3 26.87 8.956667 2.291633333 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between Groups 10.97863 4 2.744657 3.951230865 0.03550326 3.478049691 
Within Groups 6.946333 10 0.694633 
   
       Total 17.92496 14         
 
ANOVA for pine sawdust gas yields at different operating conditions (400 – 800 °C) 
SUMMARY 
      Groups Count Sum Average Variance 
  400 3 25 8.333333 0.484033333 
  500 3 25.57 8.523333 0.812233333 
  600 3 28.85 9.616667 0.256433333 
  700 3 29.66 9.886667 0.967233333 
  800 3 32.41 10.80333 2.761633333 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 12.46236 4 3.11559 2.949494153 0.07530937 3.478049691 
Within Groups 10.56313 10 1.056313 
   






ANOVA for pine sawdust bio-oil yields at different operating conditions (500 – 700 °C) 
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 1.6209 0.5403 1.23E-05 
  550 3 1.632667 0.544222 7.53E-05 
  600 3 1.658333 0.552778 8.36E-05 
  650 3 1.577667 0.525889 0.000365 
  700 3 1.550333 0.516778 0.000336 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.002518 4 0.000629 3.607396 0.045434 3.47805 
Within Groups 0.001745 10 0.000174 
   
       Total 0.004263 14         
 
ANOVA for pine sawdust char yields at different operating conditions (500 – 700 °C) 
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 0.685667 0.228556 0.000303 
  550 3 0.645 0.215 2.03E-05 
  600 3 0.580667 0.193556 1.44E-05 
  650 3 0.581333 0.193778 3.51E-05 
  700 3 0.585333 0.195111 5.08E-05 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.003028 4 0.000757 8.938123 0.002448 3.47805 
Within Groups 0.000847 10 8.47E-05 
   






ANOVA for pine sawdust gas yields at different operating conditions (500 – 700 °C) 
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 0.693433 0.231144 0.000211 
  550 3 0.722333 0.240778 1.78E-05 
  600 3 0.761 0.253667 0.000161 
  650 3 0.841 0.280333 0.00019 
  700 3 0.864333 0.288111 0.000377 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.007316 4 0.001829 9.555865 0.001903 3.47805 
Within Groups 0.001914 10 0.000191 
   
       Total 0.009231 14         
 
ANOVA for cellulose bio-oil yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 1.340333 0.446778 0.000409 
  550 3 1.249333 0.416444 0.000891 
  600 3 1.160667 0.386889 2.23E-05 
  650 3 1.075333 0.358444 3.18E-05 
  700 3 1.009 0.336333 0.000492 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.02341 4 0.005853 15.8525 0.000249 3.47805 
Within Groups 0.003692 10 0.000369 
   






ANOVA for cellulose char yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 0.658333 0.219444 0.000504 
  550 3 0.691333 0.230444 1.07E-05 
  600 3 0.650333 0.216778 0.000141 
  650 3 0.626333 0.208778 2.27E-05 
  700 3 0.633333 0.211111 0.000534 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.000866 4 0.000216 0.89274 0.503063 3.47805 
Within Groups 0.002424 10 0.000242 
   
       Total 0.00329 14         
 
ANOVA for cellulose gas yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 1.001333 0.333778 0.000172 
  550 3 1.059333 0.353111 0.001059 
  600 3 1.189 0.396333 0.000139 
  650 3 1.298333 0.432778 5.97E-05 
  700 3 1.357667 0.452556 0.001331 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.030708 4 0.007677 13.90534 0.00043 3.47805 
Within Groups 0.005521 10 0.000552 
   






ANOVA for lignin bio-oil yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 0.640333 0.213444 1.56E-05 
  550 3 0.604 0.201333 1.9E-05 
  600 3 0.571667 0.190556 2.25E-05 
  650 3 0.553 0.184333 2.11E-06 
  700 3 0.518333 0.172778 1.15E-06 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.002928 4 0.000732 60.67158 5.63E-07 3.47805 
Within Groups 0.000121 10 1.21E-05 
   
       Total 0.003049 14         
 
ANOVA for lignin char yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 1.711 0.570333 1.91E-05 
  550 3 1.699333 0.566444 8.89E-05 
  600 3 1.639667 0.546556 8.04E-06 
  650 3 1.642 0.547333 2.21E-05 
  700 3 1.554 0.518 0.00069 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.005179 4 0.001295 7.814327 0.004006 3.47805 
Within Groups 0.001657 10 0.000166 
   






ANOVA for lignin gas yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 0.648667 0.216222 6.6E-05 
  550 3 0.696667 0.232222 0.000178 
  600 3 0.788667 0.262889 5.47E-05 
  650 3 0.805 0.268333 3.61E-05 
  700 3 0.927667 0.309222 0.000672 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.015492 4 0.003873 19.22977 0.000109 3.47805 
Within Groups 0.002014 10 0.000201 
   
       Total 0.017506 14         
 
ANOVA for energy cane bio-oil yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 1.454321 0.484774 0.002419 
  550 3 1.463 0.487667 4.63E-05 
  600 3 1.354 0.451333 0.001587 
  650 3 1.2555 0.4185 0.000161 
  700 3 1.14 0.38 0.000293 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.025105 4 0.006276 6.965094 0.006015 3.47805 
Within Groups 0.009011 10 0.000901 
   






ANOVA for energy cane char yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 0.764253 0.254751 0.004253 
  550 3 0.7495 0.249833 0.00013 
  600 3 0.619 0.206333 2.36E-05 
  650 3 0.5895 0.1965 1.08E-05 
  700 3 0.5725 0.190833 2.03E-05 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.01106 4 0.002765 3.115218 0.066017 3.47805 
Within Groups 0.008876 10 0.000888 
   
       Total 0.019936 14         
 
ANOVA for energy cane gas yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 0.781426 0.260475 0.000808 
  550 3 0.7875 0.2625 0.000118 
  600 3 1.027 0.342333 0.001555 
  650 3 1.155 0.385 0.000252 
  700 3 1.2875 0.429167 0.000328 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.066682 4 0.01667 27.2321 2.35E-05 3.47805 
Within Groups 0.006122 10 0.000612 
   






ANOVA for Chinese tallow tree wood bio-oil yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 1.062667 0.354222 3.67E-05 
  550 3 1.104333 0.368111 0.000138 
  600 3 1.142667 0.380889 0.00188 
  650 3 0.995667 0.331889 0.000798 
  700 3 0.856 0.285333 0.000227 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.016905 4 0.004226 6.862503 0.006333 3.47805 
Within Groups 0.006159 10 0.000616 
   
       Total 0.023064 14         
 
ANOVA for Chinese tallow tree wood char yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 1.012333 0.337444 6.4E-05 
  550 3 0.987 0.329 4.93E-05 
  600 3 0.954333 0.318111 0.000327 
  650 3 0.915333 0.305111 0.000356 
  700 3 0.817333 0.272444 0.001314 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.007755 4 0.001939 4.592856 0.023053 3.47805 
Within Groups 0.004221 10 0.000422 
   






ANOVA for Chinese tallow tree wood gas yields at different operating conditions  
SUMMARY 
     Groups Count Sum Average Variance 
  500 3 0.925 0.308333 7.9E-05 
  550 3 0.908667 0.302889 3.03E-05 
  600 3 0.903 0.301 0.000871 
  650 3 1.089 0.363 0.000102 
  700 3 1.326667 0.442222 0.000684 
  
       
       ANOVA 
      Source of 
Variation SS df MS F P-value F crit 
Between 
Groups 0.044456 4 0.011114 31.45509 1.22E-05 3.47805 
Within Groups 0.003533 10 0.000353 
   
       Total 0.047989 14         
 
t-Test: Two-Sample Assuming Unequal Variances of pine sawdust bio-oil yields (400 – 800 °C) 
t-Test: Two-Sample Assuming Unequal 
Variances 
     400 500 
Mean 6.886667 9.123333 
Variance 0.185733 0.291633 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat -5.60707 
 P(T<=t) one-tail 0.002485 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.004969 








t-Test: Two-Sample Assuming Unequal 
Variances 
     500 600 
Mean 9.123333 8.986667 
Variance 0.291633 0.474433 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 0.270452 
 P(T<=t) one-tail 0.400097 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.800194 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 700 
Mean 8.986667 9.016667 
Variance 0.474433 0.229733 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat -0.06192 
 P(T<=t) one-tail 0.476798 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.953596 










t-Test: Two-Sample Assuming Unequal 
Variances 
     700 800 
Mean 9.016667 8.956667 
Variance 0.229733 2.291633 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 0.065448 
 P(T<=t) one-tail 0.476886 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.953771 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal Variances of pine sawdust char yields (400 – 800 °C) 
t-Test: Two-Sample Assuming Unequal Variances 
     400 500 
Mean 9.78 7.353333 
Variance 0.4809 0.350633 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 4.609257 
 P(T<=t) one-tail 0.004981 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.009961 














t-Test: Two-Sample Assuming Unequal 
Variances 
     500 600 
Mean 7.353333 6.396667 
Variance 0.350633 0.034233 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 2.670952 
 P(T<=t) one-tail 0.058118 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.116237 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 700 
Mean 6.396667 6.096667 
Variance 0.034233 0.973033 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 0.517738 
 P(T<=t) one-tail 0.328109 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.656218 











t-Test: Two-Sample Assuming Unequal 
Variances 
     700 800 
Mean 6.096667 5.24 
Variance 0.973033 0.0228 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 1.486891 
 P(T<=t) one-tail 0.137703 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.275406 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal Variances of pine sawdust gas yields (400 – 800 °C) 
t-Test: Two-Sample Assuming Unequal 
Variances 
     400 500 
Mean 8.333333 8.523333 
Variance 0.484033 0.812233 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat -0.28905 
 P(T<=t) one-tail 0.393454 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.786908 










t-Test: Two-Sample Assuming Unequal 
Variances 
     500 600 
Mean 8.523333 9.616667 
Variance 0.812233 0.256433 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -1.83186 
 P(T<=t) one-tail 0.082182 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.164365 
 t Critical two-tail 3.182446   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 700 
Mean 9.616667 9.886667 
Variance 0.256433 0.967233 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -0.42276 
 P(T<=t) one-tail 0.350472 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.700944 











t-Test: Two-Sample Assuming Unequal 
Variances 
     700 800 
Mean 9.886667 10.80333 
Variance 0.967233 2.761633 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -0.82221 
 P(T<=t) one-tail 0.235608 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.471216 
 t Critical two-tail 3.182446   
 
t-Test: Two-Sample Assuming Unequal Variances of pine sawdust bio-oil yields (500 – 700 °C) 
t-Test: Two-Sample Assuming Unequal Variances 
     500 550 
Mean 0.5403 0.544222 
Variance 1.23E-05 7.53E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -0.72581 
 P(T<=t) one-tail 0.260226 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.520453 









t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.544222 0.552778 
Variance 7.53E-05 8.36E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat -1.17574 
 P(T<=t) one-tail 0.152449 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.304899 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.552778 0.525889 
Variance 8.36E-05 0.000365 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat 2.198547 
 P(T<=t) one-tail 0.057664 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.115328 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.525889 0.516778 
Variance 0.000365 0.000336 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 0.595911 
 P(T<=t) one-tail 0.291659 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.583317 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal Variances of pine sawdust char yields (500 – 700 °C) 
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 




Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 1.306102 
 P(T<=t) one-tail 0.160765 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.321531 









t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.215 0.193556 
Variance 2.03E-05 1.44E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 6.305035 
 P(T<=t) one-tail 0.001617 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.003235 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.193556 0.193778 
Variance 1.44E-05 3.51E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -0.0547 
 P(T<=t) one-tail 0.479909 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.959819 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.193778 0.195111 
Variance 3.51E-05 5.08E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat -0.24908 
 P(T<=t) one-tail 0.407782 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.815564 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal Variances of pine sawdust gas yields (500 – 700 °C) 
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.231144 0.240778 
Variance 0.000211 1.78E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat -1.10416 
 P(T<=t) one-tail 0.192298 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.384597 










t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.240778 0.253667 
Variance 1.78E-05 0.000161 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat -1.66738 
 P(T<=t) one-tail 0.118685 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.23737 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.253667 0.280333 
Variance 0.000161 0.00019 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat -2.46455 
 P(T<=t) one-tail 0.034676 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.069351 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.280333 0.288111 
Variance 0.00019 0.000377 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat -0.56562 
 P(T<=t) one-tail 0.300936 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.601872 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal Variances of cellulose bio-oil yields  
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.446778 0.416444 
Variance 0.000409 0.000891 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 1.457312 
 P(T<=t) one-tail 0.109382 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.218764 










t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.416444 0.386889 
Variance 0.000891 2.23E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 1.69413 
 P(T<=t) one-tail 0.116161 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.232322 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.386889 0.358444 
Variance 2.23E-05 3.18E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 6.699826 
 P(T<=t) one-tail 0.001291 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.002582 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.358444 0.336333 
Variance 3.18E-05 0.000492 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 1.673155 
 P(T<=t) one-tail 0.118134 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.236269 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal Variances of cellulose char yields  
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.219444 0.230444 
Variance 0.000504 1.07E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat -0.83995 
 P(T<=t) one-tail 0.244672 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.489345 










t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.230444 0.216778 
Variance 1.07E-05 0.000141 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 1.924461 
 P(T<=t) one-tail 0.097091 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.194183 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.216778 0.208778 
Variance 0.000141 2.27E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat 1.084332 
 P(T<=t) one-tail 0.17879 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.35758 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.208778 0.211111 
Variance 2.27E-05 0.000534 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat -0.17123 
 P(T<=t) one-tail 0.4399 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.8798 
 t Critical two-tail 4.302653   
 
 
t-Test: Two-Sample Assuming Unequal Variances of cellulose gas yields  
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.333778 0.353111 
Variance 0.000172 0.001059 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -0.95456 
 P(T<=t) one-tail 0.205111 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.410221 









t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.353111 0.396333 
Variance 0.001059 0.000139 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -2.16298 
 P(T<=t) one-tail 0.05962 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.119241 
 t Critical two-tail 3.182446   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.396333 0.432778 
Variance 0.000139 5.97E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -4.47805 
 P(T<=t) one-tail 0.010381 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.020761 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.432778 0.452556 
Variance 5.97E-05 0.001331 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat -0.91854 
 P(T<=t) one-tail 0.227652 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.455303 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal Variances of lignin bio-oil yields  
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.213444 0.201333 
Variance 1.56E-05 1.9E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 3.566589 
 P(T<=t) one-tail 0.011724 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.023447 










t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.201333 0.190556 
Variance 1.9E-05 2.25E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 2.898429 
 P(T<=t) one-tail 0.022094 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.044187 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.190556 0.184333 
Variance 2.25E-05 2.11E-06 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 2.173221 
 P(T<=t) one-tail 0.080921 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.161842 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.184333 0.172778 
Variance 2.11E-06 1.15E-06 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 11.08644 
 P(T<=t) one-tail 0.000188 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.000377 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal Variances of lignin char yields  
t-Test: Two-Sample Assuming Unequal Variances 
     500 550 
Mean 0.570333 0.566444 
Variance 1.91E-05 8.89E-05 
Observations 3 3 
Hypothesized Mean Difference 0 
 df 3 
 t Stat 0.648037 
 P(T<=t) one-tail 0.281569 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.563138 










t-Test: Two-Sample Assuming Unequal Variances 
     550 600 
Mean 0.566444 0.546556 
Variance 8.89E-05 8.04E-06 
Observations 3 3 
Hypothesized Mean Difference 0 
 df 2 
 t Stat 3.49839 
 P(T<=t) one-tail 0.036444 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.072887 
 t Critical two-tail 4.302653   
  
t-Test: Two-Sample Assuming Unequal Variances 
     600 650 
Mean 0.546556 0.547333 
Variance 8.04E-06 2.21E-05 
Observations 3 3 
Hypothesized Mean Difference 0 
 df 3 
 t Stat -0.24535 
 P(T<=t) one-tail 0.411006 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.822012 












t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.547333 0.518 
Variance 2.21E-05 0.00069 
Observations 3 3 
Hypothesized Mean Difference 0 
 df 2 
 t Stat 1.903472 
 P(T<=t) one-tail 0.098649 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.197298 
 t Critical two-tail 4.302653   
  
t-Test: Two-Sample Assuming Unequal Variances of lignin gas yields  
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.216222 0.232222 
Variance 6.6E-05 0.000178 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -1.77427 
 P(T<=t) one-tail 0.087059 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.174118 










t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.232222 0.262889 
Variance 0.000178 5.47E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -3.48253 
 P(T<=t) one-tail 0.019991 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.039982 
 t Critical two-tail 3.182446   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.262889 0.268333 
Variance 5.47E-05 3.61E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat -0.98955 
 P(T<=t) one-tail 0.189206 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.378413 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.268333 0.309222 
Variance 3.61E-05 0.000672 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat -2.66094 
 P(T<=t) one-tail 0.058483 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.116965 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal Variances of energy cane bio-oil yields 
t-Test: Two-Sample Assuming Unequal Variances 
     500 550 
Mean 0.484774 0.487667 
Variance 0.002419 4.63E-05 
Observations 3 3 
Hypothesized Mean Difference 0 
 df 2 
 t Stat -0.10092 
 P(T<=t) one-tail 0.46441 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.928819 










t-Test: Two-Sample Assuming Unequal Variances 
     550 600 
Mean 0.487667 0.451333 
Variance 4.63E-05 0.001587 
Observations 3 3 
Hypothesized Mean Difference 0 
 df 2 
 t Stat 1.557342 
 P(T<=t) one-tail 0.129846 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.259693 
 t Critical two-tail 4.302653   
  
t-Test: Two-Sample Assuming Unequal Variances 
     600 650 
Mean 0.451333 0.4185 
Variance 0.001587 0.000161 
Observations 3 3 
Hypothesized Mean Difference 0 
 df 2 
 t Stat 1.360466 
 P(T<=t) one-tail 0.15336 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.30672 












t-Test: Two-Sample Assuming Unequal Variances 
     650 700 
Mean 0.4185 0.38 
Variance 0.000161 0.000293 
Observations 3 3 
Hypothesized Mean Difference 0 
 df 4 
 t Stat 3.131358 
 P(T<=t) one-tail 0.01757 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.035139 
 t Critical two-tail 2.776445   
  
t-Test: Two-Sample Assuming Unequal Variances of energy cane char yields 
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.254751 0.249833 
Variance 0.004253 0.00013 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 0.128651 
 P(T<=t) one-tail 0.454702 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.909404 










t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.249833 0.206333 
Variance 0.00013 2.36E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat 6.077991 
 P(T<=t) one-tail 0.004471 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.008941 
 t Critical two-tail 3.182446   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 




Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 2.906721 
 P(T<=t) one-tail 0.021911 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.043822 










t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.1965 0.190833 
Variance 1.08E-05 2.03E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 1.760453 
 P(T<=t) one-tail 0.076568 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.153136 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal Variances energy cane gas yields 
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.260475 0.2625 
Variance 0.000808 0.000118 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -0.11526 
 P(T<=t) one-tail 0.457762 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.915523 










t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.2625 0.342333 
Variance 0.000118 0.001555 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat -3.38079 
 P(T<=t) one-tail 0.038731 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.077462 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.342333 0.385 
Variance 0.001555 0.000252 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -1.73844 
 P(T<=t) one-tail 0.09026 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.18052 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.385 0.429167 
Variance 0.000252 0.000328 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat -3.17622 
 P(T<=t) one-tail 0.016828 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.033657 
 t Critical two-tail 2.776445   
 
t-Test: Two-Sample Assuming Unequal Variances Chinese tallow tree wood bio-oil yields 
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.354222 0.368111 
Variance 3.67E-05 0.000138 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -1.82099 
 P(T<=t) one-tail 0.083078 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.166156 










t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.368111 0.380889 
Variance 0.000138 0.00188 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat -0.49267 
 P(T<=t) one-tail 0.335509 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.671019 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.380889 0.331889 
Variance 0.00188 0.000798 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat 1.64004 
 P(T<=t) one-tail 0.099765 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.19953 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.331889 0.285333 
Variance 0.000798 0.000227 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat 2.519165 
 P(T<=t) one-tail 0.04312 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.08624 
 t Critical two-tail 3.182446   
 
t-Test: Two-Sample Assuming Unequal Variances of Chinese tallow tree wood char yields 
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 




Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 1.373668 
 P(T<=t) one-tail 0.120751 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.241502 









t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.329 0.318111 
Variance 4.93E-05 0.000327 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat 0.972014 
 P(T<=t) one-tail 0.201369 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.402737 
 t Critical two-tail 3.182446   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.318111 0.305111 
Variance 0.000327 0.000356 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 4 
 t Stat 0.861319 
 P(T<=t) one-tail 0.218816 
 t Critical one-tail 2.131847 
 P(T<=t) two-tail 0.437633 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.305111 0.272444 
Variance 0.000356 0.001314 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat 1.384515 
 P(T<=t) one-tail 0.130104 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.260208 
 t Critical two-tail 3.182446   
 
t-Test: Two-Sample Assuming Unequal Variances of Chinese tallow tree wood gas yields 
t-Test: Two-Sample Assuming Unequal 
Variances 
     500 550 
Mean 0.308333 0.302889 
Variance 7.9E-05 3.03E-05 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat 0.902163 
 P(T<=t) one-tail 0.216733 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.433466 










t-Test: Two-Sample Assuming Unequal 
Variances 
     550 600 
Mean 0.302889 0.301 
Variance 3.03E-05 0.000871 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat 0.108979 
 P(T<=t) one-tail 0.461584 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.923168 
 t Critical two-tail 4.302653   
 
t-Test: Two-Sample Assuming Unequal 
Variances 
     600 650 
Mean 0.301 0.363 
Variance 0.000871 0.000102 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 2 
 t Stat -3.44248 
 P(T<=t) one-tail 0.037506 
 t Critical one-tail 2.919986 
 P(T<=t) two-tail 0.075012 











t-Test: Two-Sample Assuming Unequal 
Variances 
     650 700 
Mean 0.363 0.442222 
Variance 0.000102 0.000684 
Observations 3 3 
Hypothesized Mean 
Difference 0 
 df 3 
 t Stat -4.89321 
 P(T<=t) one-tail 0.008165 
 t Critical one-tail 2.353363 
 P(T<=t) two-tail 0.016329 
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